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SPACECRAFT AND STELLAR OCCULTATIONS BY TURBULENT PLANETARY
ATMOSPHERES

A theoretical investigation of various wave propagation effects and their impact on
derived profiles of refractivity, temperature and pressure

ABSTRACT

The long propagation paths involved in radio and stellar occultations by turbulent
planetary atmospheres require that the classical, weak scattering scintillation theory
be expanded to account for the inhomogeneous ambient atmosphere upon which the
turbulence is superimposed. Such coupling between the turbulent and the ambient
components of refractivity reduces the scintillation index by less than a factor of two
in shallow radio occultations. For stellar occultations the reduction varies between
this value for very small projected stellar radii, to approximately a factor of 3.6 when
the projected stellar radius above the planetary limb greatly exceeds the radius of the
frec-space Fresnel zone at this distance. More profound changes are found in the
scintillation power spectrum, the shape of which depends strongly on both occulta-
tion depth and geometry when coupling to the inhomogeneous background is pro-
perly accounted for.

Second-order, systematic propagation effects calculated from both geomctrical optics
and a wave-optical formulation show that the average phase velocity is increased in
the presence of turbulence. The finite (A6} wavelength dependence of the phase
path bias implies that an initially non-dispersive medium becomes slightly dispersive
by the addition of turbulence.

Atmospheric profiles derived from occultations by turbulent planetary atmospheres
differ only slightly from those of the coresponding non-turbulent atmosphere when
the weak scattering condition is satisfied. Even so, there is strong indication that
profiles obtained from radio Doppler measurements are much less affected by turbu-
lence than those from radio or stellar intensity measurements. Systematic errors in
refractivity. temperature and pressure are all small for cither kind of measurement in
the limit of weak scattering.

Radiov and stellar occultations, when properly conducted and interpreted, are a poten-
tial source of information also on turbulence strength, bulk flow scales, planetary
rotation and atmospheric winds.

I INTRODUCTION
1.1 Historical perspective

Iheoretical interpretation of the occultation of stars by planetary atmospheres
appears to have originated with Pannekoek (1903), who observed the occultation of a
star by Jupiter on September 19 of that year. He rccommended that such observa-
tions be made carefully: "Because they can give a determination of the temperature
distribution in the outermost layers of the planetary atmosphere, or more directly,
the way in which the horizontal refraction varies with height”. The theoretical prob-
lem of deriving a refractivity profile from a luminosity record of the occulted star
was later reviewed by Fabry (1929), by Baum and Code {1953), and finally by Link
(1969), who was the first to employ numerical inversion techniques to the optical
data.

To date observations of stellar occultations have vielded information on the atmo-
sphere of Jupiter through the occultation of @ Arietis (Baum and Code 1953) and the
B-Scorpii system (¢ g Hubbard et al 1972, Veverka et al 1974b). For a review of stellar
occultations by Jupiter, sec Hunten and Veverka (1976). Structural information on
the upper atmosphere of Neptune was similarly obtained by the occultation of
BD-17°4388 on 7 April 1968 (Osawa ct al 1968, Kovalevsky and Link 1968, Freeman
and Lynga 1970, Rages ct al 1974, Veverka et al 1974a). Stellar occultations by Mars
(Texas-Arizona Occultation Group 1977, Elliot et al 1977b, Young 1977), by Venus
(de Vaucoulcurs and Menzel 1960, Veverka and Wasserman 1974) and by Uranus
(Elliot et al 19774, Millis et al 1977, Hubbard ¢t al 1977) have also been recorded.
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With the advent of spacecraft missions to the planets, occultation of the ’spucccraft
itself has become a very important and complementary source Qf i.nform;u‘l(.)n of the
structure of planetary atmospheres. While stellar occultations are limited to f;url.y tenu-
ous atmospheric regions, spacecraft occultations, by virtue of their much higher signal-to-
noise ratio, smaller planet-to-spacecraft distance, and the Doppler frequency as a new
data source, have opened up for study much deeper atmospheric regions not acces-
sible to carth-based optical observations. This subject was one of several related bista-
tic radar experiments introduced by VR Eshleman at the 1962 Review of Space
Rescarch conducted at the State University of Towa by the US National Academy of
Sciences (Publication 1079}, and carlv reports by Fieldbo (1964), Eshleman (1964),
and Kliore ef al (1964} describe details of its scientific and engineering aspects. Since the
first encounter of Mars by Mariner 4+ on 15 July 1965 (Kliore et al 1965, Fjeldbo et
al 19664, Fieldbo and Eshleman 1968), the subsequent oceultations of Mariner 5 and
10 by Venus (eg Kliore et al 1967, Mariner Stanford Group 1967, Fjeldbo and
Eshleman 1969, Fieldbo et af 1971, Howard ¢t ol 1974, Fjeldbo et al 1975), of Pio-
neer 10 and 11 by Jupiter (eg Khore etal 1974, Kliore etal 1975, Kliore and
Woiceshyn 1976, Fjeldbo et al 1975), of Pioncer 11 at Saturn (Kliore ¢t @/ 1980} and
the occultations of Vovager I and 2 by Jupiter (Eshleman ef al 1979b) have yielded
important new results on the structure of both the atmosphere and 1onosphere of
these very planets. Additional m situ information on temperature. pressure and chemi-
cal composition have been provided by the Vencera landers descending into the atmo-
sphere of Venus (e g Vakhnin 1968, Vinogradov ef @l 1968) and recently also by the
Pioneer Venus entry probes (Saiff et al 1979).

As the potential viability of the occultation technique has heen demonstrated in a
number of both optical and radio occultations, a question of utmost importance
concerns the accuracy of the mformation on atmospheric structure obtained in this
way. As it turns out, the answer to this question is far from simple: sources of widely
different character and magnitude contribute to the ultimate error. It is remarkable
that not unti]l the carly analyses of the Pioncer 10 and 11 occultations by Jupiter
produced grossly unrealistic results, was the question of accuracy raised on a serious
and svstematic basis (¢ g Eshleman 1975, Hubbard cf al 1975).

Prior to these difficulties, to which T shall veturn shortly, stellar occultation profiles
wrd fong been suspected of containing substantial errors. An outstandine and contri-
buting factor has here been the Lurze spikes inintensity that appear to be a regular
feature of stellar occultation licht curves. Without doubt, these features, caused by
some das vet unknown vertical microstructure in the atmosphere, have hampered the
derivation of a refractivity profile from the oceultation data, in particular in the
carlier days before the numerical inversion technique was introduced by Kovalevsky
and Link (1968) to facilitate the analysis of the BD-17°4388 occultation by Neptune.
But it is also clear that other muyjor sources of crror are present. Perhaps the most
dramatic example of the difficulties associated with this technique is provided by the
discrepant refractivity profiles obtained by several rescarch groups for the g-Scorpii
occultation by Jupiter. Of the six recorded profiles only three seem to approach the
factual temperature distribution in the upper Jovian atmosphere (Vapillon et al 1973,
Hubbard et al 1972, Veverka et al 1974b). For a review of the g-Scorpii occeultations,
see Hunten and Veverka (1976). 1t is clear that meaningful results demand extreme
care in both the experimental design phase and also during the recording of data. It is
alsoessential that due regard be paid to the different potential sources of error that
may arise in the subsequent data reduction to obtain profiles of refractivity, tempera-
ture and pressure (sce ¢ g Wasserman and Veverka 1973, French of al 1978).

When the first radio occultation profiles from the Mariner -4 Mars encounter appeared
IKliore et al 1965, Fieldbo et al 1966ab, Fieldbo and Eshleman 1968), there was no
reason to doubt their general validity, except that the upper few scale heights of
these profiles were somewhat indeterminate because of partiallv unknown boundary




conditions, a problem common to both radio and optical occultativns. The sub-
sequent occultations of Mariner 5 and 10 by Venus on 19 October 1967 and 5 Feb-
ruary 1974, respectively, also yielded results that were in all major respects reasonable
(Kliore et al 1967, Mariner Stanford Group 1967, Howard et al 1974). Indced, com-
parisons between the Mariner 5 profiles and that of the Venera 4 landing module
(Eshleman et al 1968, Eshleman 1970), and between the Mariner 5 and 10 profiles
and the Venera 8, 9 and 10 data (Nicholson and Muhleman 1978), display a substan-
tial degree of consistence, both between the individual radio occultation profiles and
between these profiles and those of the landers where a comparison could be made.
On a finer level it is nevertheless clear that the small differences that still do exist
between the different Mariner 10 profiles are not due to either statistical fluctuations
in the data processing, or in differing assumptions regarding the initial conditions for
the profile computations (Lipa and Tyler 1979). Differences by as much as 10K
between the profile computations of Nicholson and Muhleman (1978) and Lipa and
Tvler (1979) and the initial profile of Howard etal (1973) probably require an
explanation in terms of the difference in computational procedures used to obtain
these profiles (Lipa and Tyler 1979).

The high confidence in the radio occultation technique, as a tool for probing plane-
tary ionospheres and atmospheres to depths not accessible to optical occultations, was
scriously shaken by the publication of the preliminary temperature -pressure profiles
obtained from the Pioneer 10 and 11 encounters with Jupiter on 3 December 1973
and + December 1974, respectively (Kliore ef al 1974, Kliore et al 1975). Analysis of
the ionospheric part was hampered by multipath propagation until the several simul-
taneous sivnals were laboriously sorted out by hand (Fjeldbo et af 1975). In the lower
neutral atmosphere, temperatures were far in excess of those obtained from radiative-
convective balance calculations and on-board radiometric observations (Trafton 1973,
Wallace et al 1974, Orton and Ingersoll 1976). The radiometric observations fixed the
effective atmospheric temperature at 125:2 K at the 500 mb level, far below the
> 400 K computed from the first analyses of the Pioneer 10 and 11 occultation data.
‘This circumstance, further aggrevated by Gulkis® {Berge and Gulkis 1976) argument
that the 13 cm S-band radio signal could not propagate below the 280 K level corres-
ponding to the 13 cm atmospheric brightness temperature of Jupiter, led one to
conclude that the Pioneer 10 and 11 radio occultation profiles were in all probability
wrong.

This unexpected situation spurred hectic efforts to uncover the problem with the
Pioneer occultation profiles. A major source of error, the neglect of planetary oblate-
ness in the inversion calculation to obtain a refractivity profile from the atmospheric
phase perturbations, was identificd by Hubbard ¢t al (1975); sec also Hubbard (1976).
Almost simultancously Eshleman (1973) performed a gencral parametric sensitivity
analysis of radio occultation experiments, showing that small errors in either Doppler
rate, spacecraft-limb distance or in spacecraft velocity, were magnified by a poten-
tially large factor in such experiments. In the Pioneer 10 entry occulation this factor
became as large as =70. Eshleman also showed that there was more than one source
of major error in the original profiles, although correction for the oblateness or
velocity factor did make it possible to produce several temperature-pressure profiles
that are both mutually consistent and in reasonable agreement with the Pioncer
radiometer observations, in particular in deeper regions of the atmosphere, below
about 10 mb, where the effect of partially unknown boundary conditions is rapidly
decreasing (Khore et al 1976, Kliore and Woiceshyn 1976).

Simultancously, and independently of the events described above, a different line of
development, from which also the present work arose, sought the explanation for the
crroncous Ploncer profiles in terms of smaller scale refractive anomalies, such as
turbulence, in the Jovian atmosphere. While lavers, vertically propagating internal
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gravity waves or turbulence had long been suspected of causing the large spikes seen
in stellar occultation light curves, virtually no systematic effort was expended up to
the year of 1976 to explore these possibilities. For radio occultation a first quantita-
tive step was taken by Hubbard and Jokipii (1975), who calculated the second-order,
systematic effect of turbulence on radio occultation profiles derived from Doppler
measurements. Hubbard and Jokipii showed that if exponential turbulence was
imbedded in an otherwise isothermal atmosphere, the average radio phase would be
retarded, progressively with increasing atmospheric depth, and yield a resulting tem-
perature profile that is slightly offset from the true profile of the quiescent atmo-
sphere. The Hubbard-Jokipii calculation was later critisized by Eshleman and Haug-
stad (1977, 1978) and Haugstad (1976), who showed that the average phase bias
caused by the turbulence was in the opposite direction (1 ¢, the average phase was
advanced), and furthermore that the analysis, contrary to their claim, was valid only
in the limit of geometrical optics which is never realized in radio occultation experi-
ments. It was also demonstrated that taking proper account of diffraction effects
both yielded a wavelength dependence of the phase path bias and reduced its magni-
tude far below the value calculated from geometrical optics (Eshleman and Haugstad
1978, Haugstad 1978b,c,d, Haugstad and Eshleman 1979). While the precise form of this
systematic effect of turbulence, its magnitude and the question of wavelength depen-
dence, is still under debate, both parties appear to agree that this propagation effect
is too small to be of any practical concern (Hubbard and Jokipii 1977a.b, Haugstad
and Eshleman 1979, Hubbard and Jokipii 1979, Hubbard 1979, Eshleman and Haug-
stad 1979).

Another, and in retrospect more important step to clarify the effect of turbulence,
was taken by AT Young (1976). Young considered the larger. first-order random
effects of turbulence and argued forcefully that the intensity spikes typical of stellar
occultation luminosity curves were uncorrelated on a planctary scale and were in all
probability manifestations of turbulence rather than layers or other horizontally
extended structures. Developing a hybrid geometrical optics — wave optics scintilla-
tion theory that accounted for "coupling” between the turbulence and the inhomo-
geneous background upon which it is superimposed, Young argued that also radio
occultation experiments should be severely contaminated by turbulence cffects.
Although Young's heuristic approach did not vield the correct form of this coupling
cffect, which appears as a result of propagation over very long distances, his paper did
bring into focus turbulence as a major concern and undoubtedly stimulated other,
independent attempts to develop the correct theoretical basis for the first-order,
random effects of turbulence (Ishimaru 1977, Haugstad 1977, Haugstad 1978b,c,d,e,
Hubbard et a! 1978, Haugstad 1979a, Woo et al 1980). These analyses showed that
Young's heuristic model seriously overestimated the effect of turbulence and further-
more indicated that previous spacccraft occultation profiles may not have been
sericusly affected by turbulence (Haugstad 1978d,¢).

Along a parallel line of development, intercst was shifted from the possible
degrading effect of turbulence on radio occultation profiles, to the possibility of
extracting from the radio signal characteristics of the underlving turbulence. As
stressed by Woo etal (1974), information on the strength and spatial extent of
turbulence is important as a means of constraining theoretical circulation modecls of
planetary atmospheres. Not surprisingly, developing procedures for extracting such
information turned out to be but another aspect of the general problem of electro-
magnetic wave propagation in a randomly inhomogencous medium with inhomo-
geneous (and possibly anisotropic) mean characteristics. The pioneering work here was
done by R Woo and A Ishimaru, who applied standard weak scintillation theory to
conditions typical of radio occultations of planetary spacecraft (Woo and Ishimaru
1973, Woo and Ishimaru 1974). The theory, not vet accounting for the coupling
effect discussed earlier, was subsequently applied to the Mariner 5 and 10 occultations
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to yield rough estimates of the scintillation index and structure constant in regions
where turbulence could be reliably identified (Woo et al/ 1974, Woo 1975a); see also
Gurvich (1969), and Golitsyn and Gurvich (1971). The theory was later expanded by
Haugstad (1978¢.d,e), Hubbard et a/ (1978), and by Woo et al (1980) to include effects
of coupling to the inhomogeneous ambient atmosphere. Power spectra of phase
(Haugstad 1979a) and intensity scintillations (Haugstad 1979a, Woo et al 1980) were
calculated for a range of different occultation geometries and discussed in terms of
their potential usefulness for deriving turbulence characteristics from the radio occul-
tation data.

Even though the past 5--6 years have seen major advances in the theory of turbulence
effects in radio and optical occultations, fundamental problems stili remain unsolved. A
common feature of all the turbulence theories quoted here, for example, 1s their
limitation to weak scattering conditions. While strong scattering theories suitable for
short-path, terrestrial propagation conditions have been successfully formulated during
the past decade (for a review, see ¢ g Fante 19753), inclusion of the inhomogeneous
background essential to radio and optical occultation conditions, still poses an
unsolved problem in the context of strong scattering. This and other related prob-
lems, to be considered in the next section, undoubtedly constitute a principal chal-
lenge to future theoretical work in this field.

1.2 Objective and outline
The general problem to be addressed in this report is twofold:

a) To establish, by theoretical analysis, the effect of turbulence on radio and stellar
occultation temperature and pressure profiles

b) To provide a theoretical basis from which the characteristics of turbulence in
planetary atmospheres can be dervied from occultation measurements

In order to uncover the various facets of this extensive problem and, at the same
time, provide a justification for the particular aspects of this problem that will be
subjected to detailed examination here, it is convenient to consult the schematic
illustration in Figure 1.1. In order to solve the problem specitied above, an essential
first step will be to formulate a realistic model of both the quiescent, ambient
atmosphere  and the turbulence.
Once established, the problem con-
sists of calculating its effect on the

PLANETARY ATMOSPHERE " errecT ON PROBING prol;ng clc.ctrf)mag‘ncn.c sixgnal(.1 lemc
WITH TURBULENCE SIGNAL resulting signal, contaminate v

cffects due to turbulence, is then
subjected to the standard inversion

algorithm (¢, to its mathematical
CHEMICAL COMPOSITION | | INVERSION TO 0BTAIN representation), by which a profile
OF ATMOSPHERE REFRACTIVITY PROFILE e : ;

) of refractivity versus height is con-

t structed from the probing signal.

pomITmen e teencn oo, “ Knowing the effect of the turbulence

{ Tg:‘::;ii)r::g;:fs OF on this signal allows one, at least in
\ ’ ’ . .

SORSRe £ _s_s_u-n_s/ principle, to calculate also the corres-

ponding effect of the turbulence on

the refractivity profile. 1f, further-

Figure 1.1 Schematic illustration of the effect more, the chemical composition of
of turbulence on atmospheric pro- the atmosphere is known, also pro-

files  derived  from occultation files of temperature and pressure

measurements may be computed and scparated. at
. e - . : R e - 4% W <3 - P <A B s AN USRI
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feast in principle and in an average sense, into an ambient part and a fictitious
component caused by turbulence.

While this procedure is in principle complete and will solve the stated problem.
difficulties arise on different levels when practical solutions are sought. For instance,
when applying the result of an analysis of this sort 1o anv specific occultation, a
principal difficulty arises from the fact that the characteristics of the turbulence,
which will affect the outcome of the wave propagation analysis, is usually not known
a priort. The problem is therefore iterative in nature: from a crude model of the
turbulence its cffect on the probing signal may be computed and compared with the
actually observed signal. From this comparison a refined turbulence model. closer to
the factual distribution of turbulence, may in principle be constructed, etc.

But also major technical problems arise when implementation of the scheme in Figure
L.l is attempted. As in terrestrial propagation experiments, the effect of turbulence
on clectromagnetic radiation frequently falls into one of the two limiting categories
of weak or strong scattering. In the former case the fluctuations in signal strength are
small in terms of the mean signal, whereas in strong scattering the root-mean-square
flnctuations are comparable to the mean signal strencth (saturated scintillations).
While weak scattering theories were fully developed by the mid-sixties, only more
recently have strong scattering theortes, due to their greater mathematical complexity,
been developed into explicit forms that allow confrontation with observations. In
redio occultations two additional factors add to the complexity of this problem:
ti+ the actual mhomogenecous nature of the ambient atmosphere cannot be neglected,
as s routinely done in propagation theories tailored to terrestrial conditions involving
nuch shorter path lengths, and (i) the fluctuations in angle of arrival of the wave-
front, a key quantity for assessing the cffect of turbulence on atmospheric profiles
derived tfrom Doppler measurements, requires also the precise spatial extent of the
turbulence to be stipulated {iocal properties are not sufficient) and leads to a very
complicated analysis. (For stellar occultations only the former of these complications
applies.y We also note that, because of the non-lincar relationship between the turbu-
lent refractivity fluctuations and the amplitude and phase, the caleulated profiles of
temperature and pressure contain both a svstematic and a random part. During weak
~attering conditions the systematic effect will be of second order in small quantities,
and hence much smaller than the leading first-order. random effect.

Having described and categorized above the full problem. we here restrict ourselves to
aiving a detaled treatment of certain, however important, aspects of the overall
problem, essentially covering and expanding on the material developed in the quoted
publications by this author {(Haugstad 1978b,c.d.e, Haugstad 19794, Eshleman and
Haugstad 1977, Eshieman and Haugstad 1978, Eshleman and Haugstad 1979, Haug-
stad and Eshleman 1979, Haugstad 1980). Thus, giving an exposc of the basic theory
of radio and stellar occultations in section 2, we proceed to develop in section 3 the
theory of electromagnetic wave propagation in a non-turbulent atmosphere as the
limiting form of 4 seneral wave-optical formulation. From this approach the error
incurred by the routine neglect of wave-optical effects in the conventional occultation
theories is readily assessed. In section 4 the weak scatterig theory of radiation propa-
aating through a turbulent planetary atmosphere is developed from a stationary phase
method (Haugstad 1978¢). After having established an atmospheric model. the
resulting formulae are used to derive explicit results for the weak scattering scintilla-
tion index in both radio and stellar occultation experiments. We establish here also
the form of the power spectra of the fluctuations in phase and intensity, and com-
pare the predicted spectra with experimental data from the encounters of Mariner 5
and 10 with Venus. Section 4 concludes with a general discussion of the validity of
the weak scattering approximation, which is a fundamental limitation of all the re-
sults derived in this work. In section 5 we investivate to what extent turbulence, again
within the realm of weak scattering, affects the derived profiles of temperature and
pressure. Answering this question turns out to be relatively simple for atmospheric




13

profiles derived from stellar or radio occultation intensity measurements. However,
for atmospheric profiles derived from radio Doppler measurements the technical prob-
lems are formidable, as previously indicated. For this case a physical, semi-quantita-
tive approach avoiding the core of the mathematical difficulties has been adopted.
The section concludes with a discussion of the small systematic effects of turbulence
on occultation profiles. In section 6 we devote attention to a relatively new topic in
this ficld: the effect of turbulence in deep radio occultation measurements. The basic
theory of deep radio occultations (Eshleman et al 1979a) is combined here with the
scintillation theory developed in section 4 to vield results for the scintillation index
and powar specttum close to o refractive focus (Haugstad 1981). The theory s
applicd to decp radio occultations of planctary atmospheres (the Voyager 1 Jupiter
encounter), and to the suggested use of the zravitational lens of the sun for caves-
dropping and communication over interstellar distances (Eshleman 1979). We con-
clude the present work in section 7 by discussing a gencral procedure by which
information on the strength and spatial distribution of turbulence may be extracted
from occultation measurements. exploring both the potential feasibility and the inhe-
rent limitations of this scheme. Section 8 summarizes the results of the present work,
and expands the perspective by recommendin: where future work in this field should
be directed.

2 RADIO AND STELLAR OCCULTATIONS; FORMAL THEORY
2.1 Profiles of refractivity, temperature and pressure

The derivation of vertical profiles of temperature and pressure from occultation
measurcments proceeds in two stages. In the first a refractivity profile is determined
from the atmospheric perturbations of either phase or intensity of the probing signal.
In the second stage the refractivity profile is used together with possible knowledge
about the chemical composition of the atmosphere to calculate profiles of temperature
and pressure.

For the first of these steps. consider Figure 2.1 which illustrates a spacecraft partially
occulted by a planetary atmosphere, the refractivity of which is assumed to be a

RAY ASYMPTOTES
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FROM EARTH al [ o
> 5/C
“ Vi
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R Figure 2.1 Ray path and simplified occultation geometry defining the rav bending

angle o the impact parameter a, the radial distance to the pomt of closest
approach (periapsis) ro, and the planet to spacecraft distance I) as measured
s from the planctary centre

: The spaceeraft velocity is resolved into a component vy parallel to the incoming ray
‘ . asymptote. and a component v in the plane of the sky.
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function of the radial coordinate only. (For stellar occultations the carth replaces the
spacecraft and D is now the planet-to-carth distance.) It is assumed throughout that
o > roc, where ro¢ is the level of superrefraction, below which the ray encircles the
planet and fails to reach the spacecraft. (For a discussion of this interesting possibi-
lity, see Lipa and Croft (1975), who also calculate the refractive attenuation of the
critical ray.)

Let the refractive index n = 1+, where v is the atmospheric refractivity. The quanti-
ties n and « are related by an Abcelian transform pair (e g. Fjeldbo etal 1971,
Phinney and Anderson 1968)

= o.Fdn_ df (2.1a)
a(a) hdaj d¢ n(§? - a?)1?
lnn (re) = — J 348 coent (2) du’ (2.1b)
a da a

where ¢ = nr, and where ry and a are related by Bouguer's rule (Born and Wolf 1975)
as in
a=n(rg) ro (2.2)

Let k (k=] k| =27/A) be the vector wavenumber of the radio wave after refraction.
If the planet is assumed stationary with respect to the earth, the additional Doppler
frequency f caused by atmospheric refraction through an angle o is

Af = i\ v = veleosa 1)+ \‘(‘()50 sinQ (2.34)

where k = k/k.and where ¢ is the (positive] angle between vy and the plane of
refraction. If v is lving entirelv in the plane of propagation (8=0). the simpler first-
order form of equation (2.34) is

A= v (2.3b)

From extrapolation of radio tracking data during times when there is no atmospheric
perturbations of the radio wave, the position and velocity of the spacecraft are
known. According to equations (2.3a) or {2.3b), a measurcment of the atmospheric
Doppler f vields the bending angle @ and hence the impact parameter a. From corres-
ponding values of « and a, the differential da/da may be formed and hence, upon
periorming the indicated integration in equation (2.1b), the refractive index correspon-
ding to a gven wmpact parameter is obtained. Application of the Bouguer-relation

{2.2) finally vields the desired n(ry)-profile.

Calculation of a refractivity  profile from stellar or radio occultation intensity
measurements follows an essentially similar path. The fundamental equation is still
(2.1b). but now dajda 1s expressed in terms of the intensity of the probing signal.
Indeed, for small bending angles and neglecting focusing of the wavefront around the
curved limb (al) < R), gecometrical optics flux conservation yields for the intensity ¢
of the near-limb ray

I - ¢! = Dda/da (2.4)
when ¢ is normalized to unity before refraction. Thus, since a(t) is known, a measure-

ment of @ versus time t establishes da/da, and via cquations (2.1b) and (2.2) also the
refractivity as a function of atmospheric depth.
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For an isothermal atmosphere, where v varies exponentially with height with a con-
stant scale height H, equation (2.4) may be manipulated to yield

Dol _oyend oy (2.5)

H "¢ ¢
Here v| is the component of the spacecraft velocity in the plane of refraction that is
perpendicular to the ray before refraction. The time t is taken to be zero when
¢ = 1/2, i e, corresponding to the nominal occultation level. An essentially identical
form of equation (2.5) was first derived by Baum and Code (1953) and has since
been used extensively in the interpretation of stellar occultation measurements. Thus,
for an isothermal atmosphere the intensity-time profile ¢(t) yields the temperature T
directly if the mean molecular mass m is known, since T = mgH/K, where g is the
acceleration of gravity and K is Boltzman's constant.

Equations (2.4) and (2.5} strictly apply only to a point source. For stellar occulta-
tions the intensity ¢ should be convolved with the brightness distribution of the
projected stellar image in the occulting atmosphere. As shown by P J Young (1977),
however, the resulting corrections for the finite angular width of the star are normally
altogether negligible

Once a  refractivity profile has been obtained from either Doppler or intensity
mcasurements, the hydrostatic equation may be integrated to yicld the temperature
profile T(ry), and by the perfect gas law also the pressure profile p(rg). In a well-
mixed atmosphere of non-polar molecules we have (¢ g, Fjeldbo and Eshleman 1968)

Tiro) = Tlro) 2%00) 4 _m %oy o) (2.6)
° o v(ro)  Ku(rg)rg, ° 0 °
plro) = }:ng‘) v(rg) (2.7)
m

In these cquations m is the (constant) mecan molecular mass of the atmospheric
constituents, v, is the mean “refractivity volume” (7 e, the refractivity at standard
conditions divided by Loschmidt’'s number), and K is Boltzman's constant. Equation
{2.6) assumes a boundary condition high in the atmosphere at 1y = 1y, .

Having reviewed the formal occultation theory it is appropriate to add a few com-
ments relative to our objective, as stated in section 1.2. We note first that the
procedure described above assumes the atmospheric refractivity to be spherically
stratified. Turbulence, representing small inhomogeneities in v over a continuum of
scale sizes, clearly violates this provision. One might think that, since occultation
experiments arc sensitive to atmospheric propertics over a distance € = (RH)"? in the
direction of the ray, the calculated refractivitv profile when turbulence is present
would contain an additional component equal to the average turbulent refractivity over
the distance €. This is not the case, however. As indicated in section 1.2, turbulent
refractivity fluctuations in fact produce changes in signal strength that grow with
distance and may cventually become comparable to the mean occulted intensity, even
though the turbulent refractivity fluctuations are a small fraction only of the ambient
refractivity. The intensity fluctuations also depend on the radiation wavelength A,
whereas the geometrical optics intensity formulae (2.4) and (2.5) by their nature are
independent of A, We thus conclude that turbulent refractivity fluctuations cause the
derived refractivity profile to depart from the "true” profile of the ambient atmo-
sphere in ways that may be largely independent of the generic fluctuations in refractivity
at the ray periapsis. For these reasons, exploring the eftects of turbulence on atmo-
spheric profiles obtained from occultation measurements constitutes both a legitimate
and important scientific endeavour.
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2.2 Effects of boundary conditions and various measurement errors

For practical reasons the inegration in cquation (2.1b) has to be truncated at some
upper limit a'=a,, say. For an isothermal atmosphere the resulting fractional error in
derived refractivity, 8,, is approximately (Wasserman and Veverka 1973)

6, =1~ erflBlrg, --1o)l (2.8)

where §1 = H is the scale height, erf(-) is the error function, and ry, is related to 4,
via Bouguer’s rule. The form of equation (2.8) implies that the refractivity error
decreases rapidly with increasing penetration of the ray: for roy ~ 1o = 2H, 6, > 5%,
while three scale heights below the starting point of the integration 8, = 1.5%. From
equations (2.6) and (2.7) it is found that also the associated temperature and pressure
errors decrease rapidly below the first few scale heights of these profiles.

An additional error in T or p arises from the essentially unknown boundary condition
in temperature. From equations (2.6) and (2.7) it is seen that an error 3T(rg, ) in the
boundary temperature yields errors

AT(ro) = AT(ry, ) “Uor) (2.9)
v(ry)
and o
Ap(ro) = BMTe) Ar(ey,) (2.10)
m

in temperature and pressure, respectively, al depth rg. While the temperature error
decreases rapidly with depth (e g, exponentially for an isothermal atmosphere), the
absolute pressure error is constant with depth. The fractional error in pressure
decreases rapidly with atmospheric depth, however.

The cffect of different types of measurement errors on the determination of p and T
has been considered by Eshleman (1975), and in part also by Hubbard et al (1975).
Following Eshleman (1975), the temperature scale height of an assumed isothermal
atmosphere may be expressed in terms of spaceeratt trijectory data, the radio
Doppler £, and its time derivative df/dt as in

AMD M

Bl (——— 1) =1 (211

Vil “\p i

dt

Alternatively this relation may be written as
MS-1)=1 (2.12)

where the dimensionless magnitude factor M and the sensitivity factor S are defined
by comparison. Since M for planctary occultations may reach a hundred or more, §
only slightly exceeds unity over most of the atmospheric region probed. As pointed
out by Eshleman (1975), S is identically unity for bending around o fined limb
(H=0), as in classical knife-edge diffraction. All information about atmosphenic struc-
ture is therefore contained in the small excess of S over unity.

Referring to equations (2.11) and (2.12), absolute crrors AS in S and A(aD) =
A(Af/v)) in the deflection of the ray produce 1 fractional error in H aiven by

A(aD) (2.13)

AH - \As +
H

Thus fractional errors in any of the quantities vZ, D, X or |df/dt| comprising S are
magnified by the potentially large factor M = aD/H, while a fractional error in « (1 ¢,
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in f) produces only a comparable error in H. If ldf/dtl, D or A equals (1-4) times its
true value, or if the derived v/?is (1+A) times its true value, then to first order in A
and for large M (Eshleman 1975)

T
i SRR IV (2.14a)
‘l

). T 32

Prooa (2.14b)
DY

where T¢ and T denote the false and true temperature profiles, respectively, and with
a similar notation for p.

Despite the potentially large error in derived profiles induced by small errors in S,
temperature/pressure profiles derived from Doppler measurements are still more accu-
rate than corresponding profiles derived from radio or stellar occultation intensity
measurements, provided that the radio Doppler can be measured at least M times
more accurately than the intensity, which is normally the case. From equation (2.5)
it is indeed found that errors in either v, or ¢ yield comparable errors in the scale
height determination, and hence in T. This is also the reason why stellar occultations
are routinely terminated when the residual light flux is comparable to the expected
crror in baseline determination, which is typically a few per cent.

Digitization and subsequent data processing also introduce errors in the final T—p
profiles. Such errors are highly dependent on signal to noise ratio during data trans-
mission, and on the specifics of the data processing algorithms used. as discussed in
detail by Lipa and Tvler (1979).

The previous analysis apparently allows the following arguments to be made concern-
ing the effect of wurbulence on occultation profiles. Turbulence causes the actually
observed bending angle o to deviate slightly from the “true” value of the quiescent,
non-turbulent atmosphere. According to equation (2.13). a change in « produces a
comparable (¢, small) error in H and hence in T if these quantities are obtained
from radio Doppler measurements. Atmospheric profiles derived from intensity
measurements, on the other hand, contain errors that are comparable to those in
intensity according to equation (2.5). Since intensity scintillations due to turbulence
may become comparable to ¢ itself, it follows that the resulting temperature error
may also be appreciable, unless some 'smoothing” procedure is applied that suppresses
the scintillations. We shall see from the more stringent analysis in section 5 that these
contentions are indeed true.

3 ELECTROMAGNETIC WAVE PROPAGATION IN A NON-TURBULENT PLANE-
TARY ATMOSPHERE

3.1 General formulation

Standard formulations of eclectromagnetic wave propagation in a spherically sym-
mctric, non-turbulent atmosphere are based on geometrical optics. The rationale for
this is the fact that the radius of the first Fresnel zone is smaller than the atmo-
spheric scale height by typically a factor on the order of 10, cf Table 3.1. We depart
here from the common geometrical optics approach by formulating the propagation
problem in a wave-optical context, from which the proper approximations leading to
the standard geometrical optics results will appear in a natural way. The small wave-
optical corrections to these results are also readily obtained from this approach,
which also provides the notational framework for the gencralization in section 4 of

adincindiial, . . ' - . o
N R T T - . -
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OCCULTATION H 0 ) 350
MARINER 10/VENUS 10 15-10° 14 -
MARINER 4/MARS 9 26-10° 18 -
PIONEER 10/JUPITER 30 2.2-10° 5.3 -
VOYAGER 1/JUPITER 30 56°10° 73 -
3ScoA/JUPITER 30 6.5-10° 0.57 0.56
BD17°4388/NEPT UNE 50 l 45-10’ 158 5

Table 3.1  Representative values for various radio and stellar occultations
The table gives representative values for the scale height H, approximate planet-to-
spacecraft {or carth) distance D, radius of the free-space Fresnel zone ap . and
projected linear radius ag o of two occulted stars. All lengths are in kilometers. The
two stars are observed at A = 0.5 Um, while A = 0.13 m (5-band) has been assumed in
the calculation of ap (y for the radio occultations.

PHASE SCREEN the weak scattering scintillation theory
to include the inhomogeneous ambient
atmosphere.

PLANE WAVE

We shall assume throughout that the
effcct of the actual atmosphere on
s/c clectromagnetic waves may be repre-
sented by a thin slab of thickness €< D
ind refractivity vq, the effect of which
is to change the phase of the wave but
leaving its amplitude unchanged, secc
Figure 3.1. We shall find that this thin
screen approximation is always valid
for ray bending angles « < (H/R)'Y?,
where H is a typical scale of variation
of the spherically stratified atmosphere.

-

Figure 3.1 1 phase-changing  screen of

thickness & <€D represents the Let E(r;) be the complex electric field

inhomogencous ambient atmo- of the wave in the plane x = €/2 upon

sphere exit from the phase screen. In position
Position vectors 1y and r2 refer to the exit face of r; bchind the screen the field is(eg,
the screen and an arbitrary field point a distance Goodman 1968)

£90 2 D> ¢ from the screen, respectively

yexplikiry r,1)

E(ry) = K Tk,
-’"l el ﬂrz l‘,l

cos(n,8) dry, (3.1)

where dry; = dv,dz; is a differential area on the exit plane x = €/2 of the screen. The
obliquity factor, cos(n,é), accounts for the angle between the normal fi to the phase
screen and the direction € = (r; €,)/lr; 1| to the observer. If the spatial extent of
the refracting medium perpendicular to the raypath is small compared to D. the
angle £ i.€ ~ 0 and cos(f.é) > 1, while {r; r{ = 1. This paraxial approximation is
assumed throughout. Consistent with the thin screen approximation, an incident plane
wave of unit amplitude has an electric field at exit given by E(r;) = exp(ikSy}, where
Se i1s the change in phase path through the screen. We shall see in section 3.2 that,
consistent with the thin screen approximation, the phase change may be calculated by
integrating v, along a straight line path through the screen, instead of following the

T O S~~~ IR




19

actual curved raypath. Thus Sy = f¥o(X,yg.20 }dx, where ()'o,zp) are ‘thc lateral
coordinates of the ray upon entering the screen. If £ = (27RH)'?, it also follows that
So = Yo% where Vg is now referred to the ray periapsis of the actual exponential atmo-

sphere of scale height H.

With these provisions equation (3.1) may be expressed in the form

w i Y
E(ry) = 2l;iD e 7 dry, (3.2a)
where
Y=2D(D+ So) + (yy ~y1) + (22 —2,)? (3.2b)

Following Haugstad (1978¢) (scc also. Hubbard and Jokipii 1977b), we expand
around the point of stationary phase (yq.2¢) of the integrand, i ¢

v = ”Eiocij(yl cyo)(zy 2V (3.3a)
where i
olitpy
LJoy'od |,
’ 12y =2

The stationary phase point is defined by the conditions cgy (vy=ve, z,52¢) =
cio{y1=vo. 2;=2¢) = 0, yielding

yo=Yy2 - DB . 2472, - Da

where a and B are the ray bending angles in the xz- and xy-plane, respectively, as
given by «a = [y, (x.vovoldx and B = vy (X,vq.2¢)dx. (Subscripts v, z, yy, yz, etc
denote partial differentiation in the usual way.) Successive determination of the re-
maining coefficients ¢; viclds. through second order

1

coo = 2D 1+ § (a® + B7)] + 2DS,

4

Coi :Cl():o (3'4)

i

Co2 1+ M . ClIZO ) C2021'+N

The two quantities M and N play a central role in the subsequent analysis; they are
defined by

M= fVo‘ZZ(x,)'O’Zo)dX . N :IVO'YY(X,)'o,Zo)dX (35)

where the integration is again understood to be through the screen from x = —€/2 to
x = ¢/2.

Equations (3.2)--(3.5) constitute the basic mathematical framework for the sub-
sequent analysis in this and also in the next main section.

3.2 Geometrical optics

We shall assume, tentatively, that the stationary phase expansion (3.3) can be trun-

cated after the sccond-order terms, ie, we define Gj (1+)> 2) = 0. In this case equa-
tion (3.2a) becomes

b i e WP s~ S P S S b O,
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. €00
ik——= -k -t 2 -1 2
2D = = (04 (yi—yoe)? + 8, (z1—20)%]
E(r,) =%w_i-l)— _f!e 2D Y z dr,, (3.6)
where we have defined
C205¢;=1+N , C2E¢)} =1+ M (3.7)

The integrals in equation (3.6) are of the Fresnel type when evaluated between the
limits * o as indicated. Apart from possible contributions from the neglected terms in
the stationary phase expansion, the very presence of the planet itself requires that a
circular region of radius R, centered at z, =ry, be excluded from the integration.
However, due to the rapidly decreasing contribution to the integral from wavelets
originating from positions |z, —zo! > (AD)"?¢,'? and ly, -yol > (AD}? ¢,'? from
the stationary phase point, the presence of the planet can be ignored. %valuating
equation (3.6) for the intensity ¢ = IE|? thus yields

¢ =00, (3.8)

This result, independent of k, is the geometrical optics intensity formula for a spheri-
cally symmetric refractivity field. It can be derived from a flux conservation argument
directly, or from a geometrical optics formulation based on the Eikonal equation
(Haugstad 1978e). Truncation of the stationary phase expansion after the second- g

order terms therefore restricts the validity of the resulting intensity formula to the
realm of geometrical optics. We calculate in the next section the lowest-order,
k-dependent correction to equation (3.8), and thereby also establish the region of
validity of this result.

Equation (3.6) provides an interesting wave-optical interpretation of ray bending in
an inhomogeneous medium. Indeed, the phase-factor

V= s l8) lyi—yo) + 67! (21 -20)*)

has the constant value ® on the circumference of an ellipse centered at (yvq.29) with
semi-axes

app = ¢2AD)?,ap =02 (AD)? (3.9)

in the y- and z-directions, respectively. Refraction thus distorts the originally circular
shape of the free-space Fresnel zone of radius ag o = (AD)' into an ellipse with
semi-axes given by equation (3.9). The property that the intensity is proportional to
the square of the area of the first Fresnel zone is preserved, however, since
(Tap pag, /map)? = @yd,, in agreement with equation (3.8). We note also that
diffraction effects, through the inclusion of higher-order terms in the stationary phase
expansion and in ¥ above, will cause the atmospheric Fresnel zone to deviate slightly
from its strictly elliptical shape in the geometrical optics limit.

For a spherically symmetric and exponential atmosphere the definitions (3.5) may be
used to show that

M=aD/H , N=--aD/R (3.10)
in this case. The corresponding result for the intensity is

= (!_D __gl_)
¢ (1+H)(l R) (3.11)
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which reduces to equation (2.4) when
focusing is negligible (aD) < R}. In the
present case refraction expands the
frec-space Fresnel zone by a factor
(1-aD/R)"? > 1 parallel to the limb,
while at the same time  compressing
the vertical scale by the factor
(1+aD/HYY2 < 1, see Figure 3.2. As
aD = R, the spacecraft approaches the
center of the planet, as viewed in the
plane of the sky, and equation (3.11)

predicts ¢ — . Diffraction effects
limit, however, the intensity to a finite
J PLANETARY " value whosce magnitude is readily ob-

o

LimB tained from the physical picture de-
veloped above (cf. Eshleman et al
1979a).

Figure 3.2 Schematic dlustration of the The phase in the geometrical optics
changing shape of the atmo- approximation is obtained from equa-
spheric Fresnel :one as the tion (3.6) by writing the electric field
observer approaches the focal as E= A exp [i((kS-wt)], where A is
lnein the plane of the sky the amplitude and kS 1s the phase. Per-

forming the integration over the screen
it is found that

KS = KD ¢ Sy(voza) t 5 D@+ §7)] (3.12)

Ihe sum kD14 1/2(a% 1 32)] is simply the increase in phase by following the geomet-
rical, refracted path to the receiver, while k8¢ is the additional atmospheric phase
perturbation inside the refractive medium.

The previous developments are all based on the thin screen approximation, as defined
in section 3.1. Equation (3.8), or more conveniently equation (3.11), may now be
used to explore the validity of this approximation. For this approximation to be valid
it is sufficient that the change n intensity ¢ through the medium be small. Thus,
putting D =¢= (RID'? in equation (3.11), we find that the thin screen approxima-
tion is satisfied if

a < H/C= (H/R)'? (3.13)

That s, the deflection of the ray inside the refractive medium should be a small
fraction of a scale height only. The integration of vy along the actual curved ravpath
to obtain the atmospheric phase perturbation can therefore be app.oximated by inte-
gration along a straight linc path, as already assumed.

The scemingly restrictive condition (3.13) is found to have been satisfied for most
past radio occultations. It is invariably satisfied in stellar occultations where the
optical rays suffer much smaller bending. Using a direct flux conservation argument
not restricted by the thin sereen approximation. Eshleman ef @/ (1979 )have derived a
generalization of our cquation (3.11) that reduces to this result when the condition
(3.13) 1s satisfied.
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3.3 Wave-optical effects

Since the tree-space Fresnel zone is a small but finite fraction of atmospheric scales
of variation, the true phase and intensity of the radio wave deviate slightly from the
geometrical optics results of the previous section. Close to the focus, where ag
increases without bound, wave-optical cffects eventually become dominant for any
finite value of the wavenumber k, as noted previously. We calculate below the magni-
tude of these diffraction effects in the two limits where, (i) af y, = ayp ¢, but with no
additional restriction on ap . and (ii) when ap, -0, te, when the intensity is
critically controlled by focusing of the wave around the curved limb.

The former of these cases is most easily treated by expanding the phase factor ¥
beyond the quadratic terms and retaining the lowest-order correction to the electric
field E. Writing

V- [¢\l (yi—vo)+ ¢-Zl(21 ~20)? ] = coalz1 -29)* + ci2(z) ~20)  (yy—ya) + - (3.14)

it is found that the leading, finite wavelength correction to the electric field involves
terms of the form (z, -24)* and (2, -2¢)%. Putting E = E¢(1+8E), where the geomet-
rical optics field Eq = ¢,."?¢,'? expli(kS—wt)] and 8E is the lowest-order fractional
correction to E, we find after considerable algebra that

2 ax 2
BE = - o ‘I’Z“‘Wﬁkb - 35921 -0, B;;”- (3.15)

where we have defined 8= 1/H as the reciprocal scale height. Thus there is a correc-
tion k&S to the geometrical optics phase by an amount

kes= - Lo s, %}9 (3.16)

There is also a fractional intensity correction given by

b6 _ 35
(W) 192

: 821

83(1-0,)° £5

(3.17)

This latter result is functionally similar to a corresponding result by Hubbard (1979)
for propagation in two dimensions.

Since the atmospheric phase perturbation kSy = kvg€ = kHa, it follows from equa-
tion (3.16) that the fractional change in phase duc to diffraction is

2 B*D?

k8S 1
—_E—_—(pl k2

kS, 32

(3.18)

That is, there are fractional corrections in phase and intensity that are both propor-
tional to k = §*D?/k? and that decrease rapidly with occultation depth.  Since
Kk spans a range of order of magnitude 10®% 107 for past radio and stellar occulta-
tions, these corrections will normally be altogether negligible.

Sufficiently close to the focal line ab) =R, diffraction effects eventually become
dominant for any finite value of k. Letting r| denote the perpendicular distance of
the spacecraft from the focal line, Hubbard (1977) has shown that for an exponential
atmosphere the intensity close to the focus is given by

27r R
¢ = ant RH 13 (_.XI;ﬁA) (3.19)

AD
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where ]o is a Bessel function of zero order. The focal intensity maximum is thus

Srax = 47 RH/AD (3.20)

with a characteristic width

w = AD/R (3.21)

For w < r, € R, the average intensity reduces to the geometrical optics result (3.11) .
when allowance is made for a doubling of the intensity close to the focal line where !
the two limbs vyield nearly identical contributions to the average intensity. Since w is
typically a small fraction of a meter, the ray-optical intensity formula (3.11) is valid
extremely close to the focal line. As shown by Eshleman et al (1979a), the results
{3.20) and (3.21) may also be derived from simple physical arguments relating to the
limiting distortion of the atmospheric Fresnel zone as the focal line is approached.

4 PROPAGATION IN A TURBULENT PLANETARY ATMOSPHERE

4.1 Phase and intensity in the weak scattering approximation

The development of the previous section provides a framework for calculating the
effect of turbulence on electromagnetic wave propagation. In the thin phase screen
approximation turbulence merely adds a component

- 2
Sl :f Vl(x‘)'()'l’-o\(lx (41)
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to the total optical path length at the exit face of the screen. It is assumed through-
out that the turbulent component of refractivity, v, has zero mean and satisfies
<vi>'? < v,. Equation (3.1) takes the form

l\I (2D% 4 (yo —yy )+ (23— 20 )2+ 2D(So + 8y )]

‘71r11) {,f dry, (4.2)

E(r;) =

In the weak scattering approximation kS, < 1, and the integrand in equation (4.2)
may be expanded around the point of stationary phase as before. Expanding the
electric field E=Eg + E; + ..., where Eg=(0(1+v,), E, =0 (v, ), etc, we thus obtain

—Q—Q 1~l¢ (Yi—yo)2+ ¢, (z,—20)?]
E,(r;) = kd)d)e D{ V,(x.yo.zo)def 2D 2 dr,,

(4.3)

after retaining only the quadratic terms in the stationary phase expansion. Let

°°llu'<+u\— zy—-29)]
vi(xinym) = e X (Y1 =yo)+ (2 2o dZ(u) (4.4)
be the Fourier-Stieltjes representation of v,. where dZ(u) = Z'(u)du (du =

duxduyduz) with uy, uy, u, being the spatial wavenumber components in the x-, y-,
and z-directions, respectively. The Fourier amplitude Z' of v, has been referenced to
the stationary phase point (vg, zo). For a homogeneous and isotropic random field
<ZAu)Z™(u;)> = $(u;) d(u; wu,), where & is the spatial power spectrum of v, and
5(-) is the Dirac deha-function. Combination of cquations (4.3) and (4.4) vields after

algebraic manipulations
0

1

(=]

ik
Ei(ry) = k¢y¢z“

}

1o~
A

o
fffsmd -} 72 (u) 2(u,) du (4.5)

" . m—.-.—-quw '
Py




Here sinc(") is the sinc-function, u, = (u,,, u,) and we have defined

- D 2 20k L2 a2 s K a1ty a2
-1 = as tooul [ +i—2— + ¢, - Ot Q.
Q- e oK [¢'\ y o,u, 121) (¢)' Yo ¢4 lo).}ofelgl)[d’y Yi ¢L 2|

-0

(4.6)

dy' dz)

. ”~
The first-order perturbation in intensity normalized by the average intensity, ¢, and
the first-order perturbation in phase path, 8, are related to E; as in

b, =2RelEQE, ], S, = k' ImlEYE, |

respectively. Since Eg = ¢, ¢, exp(ik coo/2D), we obtain after integration over the
phase screen in equation (4.6)

Ind * . u Q gt . -
¢, = 2k¢ fffsmc(—‘)?;»)/,(u)sm(P) du (4.7)
- u b,
Sy = R fff sincy ’\Tr ) Z' () cos (P) du (4.8)
where we have defined *
P= %( (pyul + o,ul) (+.9)

For the mean square of these quantities we obtain, assuming Ly € ¢ (1., is the outer
scale of turbulence)

<Bi> = 8nek? [T d(uy) sin? (P) du, (4.10)

<8§1> = 27 j?nf P(u,) cos*(P) du, (4.11)

I'he quantity <¢3i> is called the scintillation index, the square root of which is often
termed the modulation index.

Faquations (4.10) and (+.11) are the appropriate generalizations of the weak scatter-
ing, mean square fluctuations in intensity and phase path to turbulence superimposed
on an inhomogeneous background. (For stellar occultations the intensity should be
convolved with the projected stellar brightness distribution in the occulting atmo-
sphere, see section +.3.) The cffect of the ambient atmosphere is seen to appear only
through the quantities ¢,. and ¢,. whosc interpretation in terms of the mean signal
intensity was established in the previous section. A sufficient condition for neglecting
coupling to the inhomogencous background atmosphere is therefore that ¢y, ¢, both
be essentially unity, or equivalently, that the change in intensity causéd by the
ambient atmosphere alone be negligible. This condition is not satisfied in cither radio
or stellar occultation experiments, however. implying that interpretation of weak
scintillation data in such experiments should proceed from the generalized formulas
derived here. Surveillance of the carth’s upper atmosphere using a pair of satcllites
may also involve sufficient ray bending for weak scintillation data to be analyzed in
terms of the results given here, especially if the raypath traverses regions of thermal
inversion where the local value of 9°v,/022, contained in the delinition of ¢,. may
attain appreciable values. It may be noted that although the previous derivation has
assumed V| to be a strictly homogeneous and isotropic random variable, the results
(4.10) and (4.11) arc still valid if v| is inhomogencous, provided that the scales on
which the inhomogeneitics occur are large compared to any other scale of interest,
ie, to Ly and the Fresnel scales dp e b

Having established the first-order. weak scattering results for phase and intensity
appropriate to radio and stellar occultations, it is important to cxplore their validity.
For the ambient atmosphere the thin screen approximation was found to require
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a < (H/R)'?. Since the first-order intensity and phase pcrturbations are both func-
tions of Oy ¢,. the condition on the smallness of « also applies in this case. The thin
phase screen approximation also rcquxres that the scintillations in intensity be small
inside the screen. This (ondmon is automatically satisfied, however, since we shall
prove in section 4 3 that <@1> is small u)mpdrcd to unity at any distance from the
screen when KIS, (r;)i € 1, ic, when the turbulent phase perturbation at exit from
the screen is small. We observe, finally, that since € < 1) the quantities ¢, and ¢, do
not change appreciably through the screen and may hence be associated with a fixed
spacecraft-mb distance x = D.

The stationary phase expansion also imposes certain restrictions on the validity of the
previous results. These limitations are most casily appreciated by noting from the
derivation of equation (+.5) that if Ay =y, v, and Az = z,--%,, a Fourier compo-
nent of wavenumber u; = (uy .,) gives a contribution proportional to

L ilel iy Dot e gt azs Do,
ITe C dAy dAz (4.12)
to the perturbed electric field at the receiver. Defining uy = 27/¢ and w, = "77/‘3[_. it is
seen from this expression that an eddy of wavenumber u)mpnnents u\. u, gives a
contribution  to the  perturbed clectric field  that originates  from” a  position
(iAv, = oy A, Al = 0, )xl)/{ ) relative to the stationary ])husc point. Such cle-
mentary wave contributions are thus scattered through .m\'lcs U = o N, and 0, =
9, AU, in the xvo and xz planes, respectively. When Oy = 9, ' , this is”essentially
the Brw" condition for dlftrulmn by a sinusoidal spatial dlffr.lctmn grating. Now.
for Kolmogorov turbulence <83 and <¢, may be shown to derive their principal
contributions from eddies of dmunsnm (Coo €0 ~ Lo and (€, €,) ~ (ap . ap.y). res-
pectively. The quadratic approximation of the stationary phase expansion should
therefore be validated to distances Ay~ 9y AD/Lg. Az ~ ¢, AD/Ly and Ay ~
ap po 1Az~ ap o for these two qum(iti(s respectivelv. Evaluation of the next-order
terms in the stationary phase expansion indeed turn out to be small at these distances
if H>» Ly > ap . and prmukd also that 9. < (L, (,/.1} ol (Lo R/.l[ U)'Q in the evalua-
tion of <83 >, and O\ = (RID!? fag o in the evaluation of <@3>. In shallow occulta-
tions these constraints are always met. but very close to the focal line both conditions are
violated and neither <33> nor <$1> will be given by simple formulas of the type
(4.10) and (4.1 1).

We are now prepared to discuss another quantity of principal interest in radio occul-
tation cxperiments: the ray bending angle. It is readily shown from the previous
cquations that @ major component of the mean square perturbation in bending angle
involves an integral of the form

7 2 ,

Jf®tu) ul cos* (P du, (4.13)
. For Kolmogorov turbulence this integral diverges as a function of the upper limit, and
~ is thus controlled by the smallest eddies of dimension ~ €. the inner scale of the

turbulence. By relation (4.12), eddies of this size vield scattered waves that originate
from distances d ~ AD/¢, from the stationary phase pomt. With ¢4~ 1 cm, d is
commensurable with the dimensions of the mec The Jmphuum) is therefore that a

) caleulation of the perturbation in ray bending angle requires the complete spatial
extent of the scattering medium to be stipulated, and the stationary phase expansion
cannot be truncated after the second-order terms. The problem is compounded by
the fact that in going from cquation (3.1) to (3.2), ine exact kernel
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of equation (3.1) was approximated by the Fresnel kernel

1 ko2
— exXD o~
I)L}[l‘_’Dp I

which requires that k = k p*/D* < 1, where p = [(va v )7+ (2 21)7]" 7 is the lateral
separation of the receiver and an arbitrary point on the exit face of the phase screen
(Tatarskii 1971, pp 223). For the perturbations in intensity and phase this condition
is strongly satisfied, since for these quantities p < (AD)'? and < ADy Ly, respectively.
However, the fluctuations in rav beading angle derive their principal contribution .
from waves scattered from distances U from the stationary phase point, where ¥ is the :
effective lateral extent of the wrbulent medium. For turbulence that varie: exponen- ‘
tally with altitude on a scale 1 (¢f section 4.2), the medium extends effectively to a
distance p = ¢ = (Rl{l)1 - parallel to the limb. Assuming Hy = H = 10 km. we find that
for X- and S-band occultations of US spacecraft tvpical values of x are such that
k > 1. Hence a numerical approach is apparently required to obtain the mean square
fluctuations in bending anvle.

Most previous analyses of scintillation data from radio and stellar occultation experi-
ments have ignored the coupling cffect between the turbulence and the ambient
background described and calculated here (Gurvich 1969, Golitsvn and Gurvich 1971,
Woo and Ishimaru 1973, Woo ctal 1974, Woo and Ishimaru 1974, Woo 19754,
Jokipii and Hubbard 19771 The first attempt to account for the coupung effect on
the scintillation index was apparently made by Woo ot of (1975). Later and indepen-
dently the problem was treated by Haugstad (1977, 1978c¢.¢), by Hubbard et al
(1978} and recently also by Woo ctal (1980). An interesting heuristic approach to
the problem was taken by A Younyg (1976}, The problem of caleulating the mean
square fluctuations in phase and bending angle does not appear to have been addres-
sed by other authors.

4.2 An atmospheric model
Explicit evaluation of the intensity and phase scintillations requires a model to be

stipulated for both vy and v, The former quantity has already been assumed to
correspond to a spherically symmetric and exponential atmosphere, for which

volr) = vylry ) expl gir 1o (4.1-hH

where 371 = H is the scale height, and v = 1 is measured from the center of the planet.
For the turbulence component we assume

voir) = <viintien (4.15a)

I

<viri>1? s cvie, > ‘('\plr;iztr o) (+.15h)

That is, vy is the product of 4 spherically symmetric component that varies exponen-
tially with height on  scale 3" = Hyo and a strictly homoseneous and isotropic
random component ¥T of zero mean and unit variance. The power spectrum b of v,
will be assumed to be of the Von Karman tvpe. 1 e,
TS 3\ 20
Dlu) - <vi ip 2 ; Liexpl Gus) (4.16)
3z, P 12w f
T lqi,) y L Lius ]
Here u = fud+ul+~ul)'? is the threedimensional scdar wave number, Ly and € are
the outer and inner scale of the turbulence, respectivelyv and pois a parameter control-
ling the slope of @ in the mertial subrange, where Ty 5 u = L' For Kolmogorov
turbulence p = 11/3.
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For purposes for numerical evaluation also the magnitude of <vi> should be stipula-
ted. Turbulent fluctuations in refractivity may be related to those in temperature and
pressure using the relation (e g, Tatarskii 1971)

v =7.9.10° p/T (4.17)

which assumes that the refractivity from any vapors present can be neglected. Small
changes in refractivity, v,, arc thus related to similar changes py in pressure and T,
in temperature according to

v, =7.9-105(20  Popp (4.18)

[ I

For the centimeter to kilometer eddy sizes of interest here the temperature relaxation
is slow enough to suggest an adiabatic relationship between py and T, (Lawrence and
Strohbehn 1970), so that p;/p =v/(y-1)T, /T, where 7 is the ratio of specific heats
at constant pressure and volume. With this assumption cquations (4.17) and (4.18)
combine to give

;V,;,Z = (7 - 1)-2 5!732 (4.19)
Yo 1o

For an isothermal ambient atmosphere the fractional mean square fluctuations in
refractivity thus vary with altitude as the variance of the temperature fluctuations. An
estimate of the latter quantity may be obtained from the temperature structure
function

Dy (Ar) = ()31.1Ar|23 (4.20)

valid for Kolmogorov turbulence and scparations ¢, < jAn < L. An approximate
value of <T17> is obuined from this relation by putting Ar = Ly and noting from the
definition of Ly that D (Lg) = 2 <13>. I'hus®

>

—ta

Di(Ly)=CyLg? ~2<T

The fractional fluctuations in refractivity are thus approximately

<Y

- Lo .
SRR (+:21)

T —

v

Values for the outer scale may be obtained by direet measurements, or its value may
be inferred from the bulk flow properties. The temperature structure constant, C.
may be estimated from the mean flow characteristies for various tvpes of turbulence
(sce, g, Tatarskn 1971, pp 72 74, Alternatively one might use the estimate
C} = 2 107K m™?? corresponding to an altitude level of ~ 15 km in the carth’s atmo-

sphere (Bufton ef al 1972). Assuming Lo 107 mand T, - 200 K we obtain {
£
v 4
cps > .
[RENETTE (4.2
0

This estimate mav be appropriate for Jupiter. For the atmosphere of Venus the
higher ambicnt temperature (and perhaps also the smaller value of Lg) probably
makes cquation (4.22) an over-estimate of the turbulence strength in this case. As we
shall sce in section 7, the best way to estimate <2 > is probably by direct analvsis of
radio or stellar scintillation measurements. Lacking such direct information on the
turbulence strengthy we shall explore o a forthcoming section the implications of
turbulence of the relative streneth aiven by relation (4.22).

” R
For Kolmogorov turbulence the more correat relationship s given by (‘.:| Lé‘ 101 |~-; ~
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4.3 Radio and stellar intensity scintillations

The turbulence model described in the previous section may now be combined with
the scintillation formula (4.10) to vield an explicit result for the radio scintillation
index. Evaluation of this equation by transforming to polar coordinates yiclds for
3 < p <6 (Haugstad 1978e)
3
Gos o MREMINE (G Ty (Lo )T D2 .

<Pi> = " ——— Isee ] 1(“lP 0) ap o® Wr(Op0,p)<wi>  (+.234)

rFE—=) '
9

where

P

Wel6y0pip) = (B.cos20 + ¢,sin20)%  db (4.23b)
\ B

In deriving this result we have assumed that Lo > app > ap ., implying that the
major contribution to the scintillations is from turbulent eddy sizes in the inertial
subrange. In its present form this result is therefore not applicable to very deep occulta-
tions, where ap ), may exceed Ly. We shall consider this case separately in section 6.
In cquation (4.23) coupling between the turbulence and the inhomogencous back-
ground appears through Wy only. For a strictly homogencous background, or when
the differential ray bcndmﬂ is sufflucntl\ small that ¢, = ¢, = 1. W =27 for any
value of the spectral slope parameter p. In this case, after manipulations involving the
gamma function, equation (4.23a) may be shown to coincide with the classic R) tov
result in the thin screen approximation.

If we now consider occultations for which the uppm\-imution ¢\ = 1 can be made,
but with no restriction on ?,. evaluation of equation (4.23b) vives

2n, ¢, =
Wg(1,6,;p) = - (4.24)
Pt
x)[)—l - 2__ <
- (p l)'('bz\1 .

Since for p = 1173 the lower vilue corresponding to ¢,< 1 is about 0.6 times the upper
value, it follows that, (i) coupling to the 1nhum()ucncous background reduces the
scintillation index by less than a factor of two, and (i1} this reduction is essentially ]
independent of ¢ = ¢, whenever defocusing reduces the average intensity by a few dB or

more. This result dlsmvrccs with a prediction by A Young (1‘) 76), who concluded from a

heuristic calculation that the scintillation index should fnerease by a factor ¢ as

deeper atmospheric regions were probed. Although neither the works of Hubbard et al '
(1978) or Woo ¢t al (1980) gave explicit results for the coupling effect, their expres-

sions for the scintillation index may be manipulated to vield a similar result to that

derived here. We shall see in the next section that the rather small effect of the :
inhomogeneous background on the scintillation index does result, however, in sub- ‘
stantial changes in the shape of the radio and stellar scintillation power spectra.

For stellar occultations the point source intensity correlation function should be ' |
convolved with the normalized stellar brightness distribution as projected above the

limb of the planet. In the spectral domain this operation yiclds the general expression
(¢ f, Hubbard et al 1978)

lf‘l’a( w(up)iduy

for the scintillation index of a stellar source. In this expression ®g, (w;) is the spatial
power spectrum of <q>z > (i ¢, the integrand of equation (4.10)), and
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where ) is the normalized brightness distribution of the projected stellar disk. For a
uniformhy illuminated stellar disk of projected radius ag one obtains
2] tagu)) -
N = Jr iy
R e B
Aty
where ], is a Bessel function of order one. Instead of the point source result (4.10)
we thus obtain
A oy . -lldll)z or
<@i> = 8K [ Pl Y sind (P} ] du; (4.25)

or

‘lSul_

I'he additional factor i the integrand is due to averaging over the stellar disk and
a0ty to suppress contributions to the scintillation index from eddy sizes smaller than
the projected stellar disk. A closely similar result to equation (4.25) has been obtained
by Hubbard et afl (1978).

If the double inequality Ly = ag™ aypy s satisfied, evaluation of cquation (+.25)
vields for 3 << p <6

6-py 4,
. . 2. 2 o6
N : 2‘; ( Lo ) %[g_ W (0.0,p)<vi> (4.264)
|‘(l’ =y N Ay ’
2
where in this case
T
\\'S(gﬁy.(ﬁ,‘;p) Jr'(oy('us:() 4 OlsinZU)ldO (4.26h)

For intermediate and small values of the ratio ag/ap . numerical integration of equa-
ton (.25} is required. For shallow occultations equation (1.26b) gives

N e, 1 .
o) R CTEI =
NI

Since the tower value for ¢, < 1 is ~ 1.76, we conclude that coupling to the inhomo-
sencous background ruluus the stellar scintillation index by at most a factor = 3.6
under the previous assumptions. A Young's prediction for this case was an increase in
the scmtiflation index by a factor C)Z‘"‘. attending a4 compression of the stellar image
by a factor ¢, perpendicular to the planetary limb.

It is instructive to express the scintillation index as a function of occultation depth
under the assumption that <vi>/pd is constant. To this end we first note that

SN <vi>

"ﬂRl)‘ 24

We have here used the fact that « = (2aR/10D" 7y, for bending angles « < (yry'?
and M aD/I as before. Eliminating <#3> between this relation and either of equa-
tions (h.234) or (4.264) vields for ¢\

A\

T IK(pH Lo

> '(b"sf W(1ip) (4.28)

) (H)
R v}

For radio occultations W - W R.m(l a4 =y g. while for stellar occultations W = Wy and
a - ag. Fhe numerical factor K is the co- factor of cquations (4.23a) and (4.26a), res-
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depth ¢! of the quantitics depth ¢ ' of the quantities
£ and S for radio occul- Qand & for stellar occul-

tations tations

~
The solid curves display §2 and §2 when coupling to the inhomogencous background is properly
accounted for, while the broken curves are calculated for a model where this effect is not included. The
curves are normalized such that $2in the latter case approdaches unity as O oo,

pectively. If the spdcccmft {(or the carth for stellar occultations) is moving perpendi-
cular to the mu)mmg ray asymptote. D s .l])pr()\lnl‘lttl\ constant for small a, and all
variation of <¢ > with dcpth is contained in the two last factors of equation (4.28).
Figures 4.1 and 4.2 show the variation with occultation depth of the quantity

ﬁ - (“1‘,9)2 7\\'(7]73:,‘);/1 1/3) (4.29)
o] 2n

for both radio and stellar occultations, along with the result that would have been
obtained if coupling to the inhomogencous background were falsely neglected. Note
that for constant D) and H, M is proportional to atmospheric density or pressure at the
ruy periapsis. Also shown in the figures is the corresponding variation of lhc absolute
mean square fluctuations in intensity, which arc proportional to = ¢* €. In con-
trast to the scintillation index which increases rapidly with depth, the absolute inten-
sity scintillations, <@3> = ¢ <@?>, approaches a constant determined by the asymp-
totic value of W as ¢ = 0.

We conclude this section by proving that in the weak scattering regime <$] > < 1 also
when coupling to the inhomogeneous background is accounted for. For turbulence
superimposed on a homogencous background this result has previously been proved
by Salpeter (1967) and others. Consider the mean square fluctuations in optical path
at exit from the phase screen. This quantity may be obtained from equation (4.11)
by putting P = 0 and evaluating the double integral over the power spectrum, vielding

420 (P/2)

e Ay 2)

<S}(r > = o<vi> (+.30)

Eliminating <v{> between this result and equation (4.23a) gives
a0 p-2Wo(d 0, p)
<P1> = k(p) ( IU)) 'R'A, y )

0

(k2 < S3(r, 1> (4.31)




where kip) = (2m) 3PP gec ap L/ p/2)] is of order of magnitude unity for p = 11/3.
Since .1“)\2 Lo per assumy ton, and we have shown that Wg < 27, it follows that
<9i> <1 in the weak s ttering approximation where k < 8% (r, )>“7 < 1. Even
though lhc weak scattering condition has been used to derive the previous results, it
1s likely that only the wcaktr condition <@i > < 1 is necessary, however. For turbu-
lenee aupcrnnposcd on a4 homogencous background this has been proved by Tatarskii
(1971, pp 256). One-dimensional, numerical computations of intensity scintillations
superimposed on an inhomogencous backeround indicate that <> < 1 is indeed
the proper criterion also in this case (French et al 1980).

44 Temporal power spectra
+.4.1 Theoretical phase and intensity power spectra

The seintillation index provides only an averaged representation of the effect of the
inhomogencous backaround on radio and optical wave propagation in turbulent plane-
tary atmospheres. More detailed information s contained in the temporal power
spectrum. the shape of which will be shown here to depend critically on both occul-
tation depth and geometry when coupling to the inhomogencous background is
accounted for.

The phase autocovariance function in the plane x = D of the observer is given by
B = k2<Sl (l),y:,/,: )S| (l)|\2 + A)'z‘L: + A['I )> ("‘1’.32)

Geometrical optics energy conservation implies that separations Ay,, Az, at the
receiver project into ray separations 3y = ¢,.Ay, and Az, = ¢,Az, at ray periapsis.
Velocity (omp(mcnls Yy vy, of the sp‘uumﬁ are therefore related to corresponding
components \\ and v} d¢ the ray periapsis according to

\"'\". = O‘\.\'y. \’; =¢,v, (4.33)

It is customary to adopt the "frozen-field™ hypothesis, whereby turbulent inhomo-
genetties are assumed to be convected across the line of sight at constant velocity,
which for the present case equals the relative velocity between that of the ray at
periapsis and the atmospheric bulk velocity, due to cither planetary rotation or the
presence of atmospheric winds, or both. We shall assume that the components of the
latter are small compared to \’\‘ vy. In this case rav s‘cpdmtions Avy, A'/, at the
])(‘rldpxls are related to time scp.lmllonb T according to A\, =v T Az, —\71’ Using
relutions (4.33) and drawing on the analysis of section 4.1, we flnd that

B =k

Ll';:l' “‘Sl (u, ) expl i(uyé).\'}_ + u,@lvl)rldul (4.94a)
where

by tu) = 2P (u) cos® () (4.34b)

is the spatial power spectrum of the scintillations in phase path, as given implicitly by
cquation (.11, Founer transformation over 7 vyields for the temporal power
spectrum of the phase scintillations

Wy (o) = 27k7 [T g (u,) Blu @y b ud,y, - wldu, (4.35)

Using the turbulence power spectrum (4,16} this integral may be evaluated by trans-
forming to polar coordinates and performing the integration over the angular variable.




After a suitable change of integration variable in the remaining integral we find that
{Haugstad 1979a)

Wilw) =Kkw X [ i — AT PN (4.36)
e R e R ES P
Wy

. ,\;u)s:{(gl")z[¢)\,cos:(0i+é) +¢/sinz(0i+5!]}
¢ :

We o have  here  defined 0y = 8, 5 cos™ (1/x), wy =v /Ly we =207V fag g,
§ = tan™ (v v, and Ky = [T (/2 /U p-3)/2) 0K Li<wi>v%. We observe from
this result thut the shape of the phase power spectrum is controlled by the four
parameters Wy, We O and ¢, In view of therr defimtion, wy  and w are the
characteristic frequencies assoctated with the rav speed at periapsis and the outer
scale and the free space Fresnel zone, respectively.

I'hrough entirely analosous procedures the radio and stellar intensity seintillation
power spectra are obtained as

xsin:{(»‘f’& ) [@,.cos? (0,+8) + 0,sin’ (04 m]}
E w . v .
I £ dx 14.37)
h [1s (WX e
Wy

W,(w) - Kaw

NAE

2L xHoecost (0.6 8) v o sint (0.4 §)]F _
Wi(w) = Kkyw' X f o T 9N (1.38)
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respectively. For the former result &y = (1677 F(p/2)/UUp-3)/2)) ¢k* LI<wi>N=: 0,
f, and wy. W are defined as before. The stellar intensity scintillation power speet-
rum is subjected to the same hmitations as the expression (4.26) for the scintillation
index. In this casc w VS, and K3 = (L6m* Fp/210Up-31/20) DT L <uf>/(.15\"'° ).
We note that all of the power spectra caleulated here are valid only for frequencies
much larger than the characteristic frequency V/H assocated with either of the scale
heights Hoor Hy.

Figures 4.3 to 4.9 show the phase and intensity power spectra as a function of
normalized angular frequency w/w . or w/w,. for different values of m + \"\*./\';: and ¢,
assuming ¢, . L. In all cases computed we have assumed w fw, = 3. For the phase
spectra coupling to the inhomogencous backsround is scen to reduce the fringes in
the spectrum for w > w . in a central occultation (m - 0) as deeper atmospheric
rezions are probed. Figure 4.5 displavs the chanee in spectral shape from a central to
a more nearly crazing occultation, for a fixed value ¢ = 0.1 of the mean <ignal inten-
sity.

By contrast to this behavior. the mtensity power spectra display a strong dependence
on both occultation geometry (m) and depth (¢). According to Figure 1.6, the
characteristic fringes in the power spectrum above the Fresnel frequency w o alto-
gether disappear as deeper regions are probed in a central occultation. In a grazing
occultation, however, these fringes become increasinaly deeper and follow 4 characte-
ristic decrease in scintillation power  below w, as denser regions are probed.
Figure 4.8 shows the progressive chanzge in spectral shape from o central to a more
nearly arazing occultation for a fixed occultation depth corresponding 1o ¢ 0.1,
With only minor modifications the changes in spectral shape with moand ¢ for a poim
source are reproduced also for an extended source when the projected stellar radins
substantially  exceeds the free-space Fresnel zone. Figure £.9 shows the chanee in
spectral shape with occultation depth for a grazing occultation. If the projected stellar
radius is small compared to the freesspace Fresnel zone, averaging over the stellar disk
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Figure 1.5

Phase scintillation power spec-
trum for different occultation
geometries and a fixed depth
& = 0.1, assuming w /Wy 3

Figure 4.0
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ous depths ¢ in a central oc-
cultation, assuming w./we= 3
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Figure 4.7 Point source intensity scintilla- Figure 1.8  Point source intensity scintilla-

tion power spectrum at vare-
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Figure 4.9 Stellar scintillation power spec-
trum  for various occultation
depths ¢ in a grazing occulta-
tion, assuming w /we= 3 and
(1‘/(1,. 0 > 1

will vield no substantial effect on either
the scintillation index or the power
spectrum. In this case power spectra
will correspond closely to the point
source scintillation spectra of Fig-
ures +.6--4.8.

The classical Rytov results for the
phase and intensity power spectra cal-
culated for turbulence superimposed on
a homogeneous background correspond
to the cases ¢ = 1.0 in Ficures 4.3, 4.6
and 4.9.

+.4.2  Observed power spectra

Power spectra calculated from the Mari-
ner 5 and 10 Venus encounters (Woo
etal 1974, Woo 1973a, Woo etal
1980} and from the Pioneer-Venus
entry probes (Woo etal 1979) have
been reported in the literature. For mis-
sions by other planctary spacecraft and
for stellar occultations no correspond-
ing results have been published.

Figures 4.10a -b, taken from Woo et al
(1974), show the recorded part of the
Mariner 5 S-band entrance and exit
occultation as a function of universal
time and altitude above the mecan
Venusian surfuce. Regions marked A to
D were suspected of containing struc-
tures duc to turbulence, and were
selected for further analysis. After re-
moval of a quadratic trend function
from the exit data, Woo et al (1974)
calculated the temporal power spectra
and compared with predictions from a
layered turbulence model fitted to stan-
dard  weak scintillation  formulas,
assuming a priori that Ly € ap . Ina
later comparison Woo (1975a) claimed
improved theoretical fit to the Mari-
nerd  spectra by instead  assuming
Lo » ap . Neither analyses accounted
for coupling to the inhomogencous
background, however.  As  apparent
from the previous analvsis, accounting
for this effect is instrumental in the
present case where ¢™' may reach a
hundred or more.
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Figure 4.10a Figure 4.10b

Iime history of signal intensity for the  Iime history of signal intensity for the
recorded part of the Mariner 5 Venus ent- recorded part of the Mariner 5 Venus extt
rance occultation, as adapted from Woo et occultation, as adapted from Woo et al
al (1974) (1974)

The upper abscissa gives the altitude of the ray periapsis above the mean Venusian surface. Regions A

to D were suspected tor their turbulence content and selected for turther examination.

In Figures +.11 and 4.12 we have overlaid experimental spectra from regions A and C
of the Mariner 5 exit occultation with theorctical spectra calculated from equa-
tion (.37}, (Experimental spectra from other atmospheric regions do not raise signifi-
cantly above the notse level.) The relevant input parameters for this calculation were
obtained from Fjeldbo etal (1971), vielding ap ¢ > 1.3-10° m, v, = 7.5:10° ms™ and
vy > 3107 ms for both regions A and C. Since ¢, > 1. we have v§ = vy and
vz = ov,. with ¢ estimated from Figure 4.10b as =0.05 for region A and =0.01 for
region C. Weak semtillation theory is here appropriate since the computed scintillation
mdex for hoth events is small compared to unity.

It iy apparent from Figure 4.11 that the position of the "knee™ in the theoretical and
expertmental power spectra agree quite well, a fact strongly favoring turbulence as the
cause of the observed fluctuations in signal strength. For region A there is a clear
discrepancy between the spectral shapes, however. While the theoretical spectrum
appears to match the average high frequency slope of the Mariner 5 spectrum, the
strong fringes in the experimental spectrum are not reproduced in the theoretical
prediction. Even though both spectra display o decrease in scintillation power below
the Fresnel frequency, they are clearly discrepant also in this region. The reason for
this difference is presently not clear; a contributing fuctor may be a possible low
quality of the experimental spectrum itself, however. Indeed, the remarkable uni-
formity of this spectrum, as compared to the other Mariner 5 spectrum in Figure 4.12
and when contrasted with the 90% confidence limits indicated in the figure, clearly
cast doubts on the validity of the spectrum. It may be that the "zero-fill” operation
applicd to the onginal data in order to evaluate the Fourer transforms at closer-
spaced intervals than would otherwise be possible (Woo et al 1974, pp 1700), has
introduced substantial correlation between neighboring power estimates with a corres-
ponding reduction in power variance. For a sharp spectral knee this correlation would
leave essentially unchanged the position of the knee, but would tend to smooth any
structures, ¢ ¢ fringes, in the spectrum. This does not, however, explain the rerular
fringes that <tll persist in the experimental spectrum, nor its strong decay at sub
Fresnel frequencies.
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Figure 4.11 Log-amplitude power spect-
rum for region A of the Mart-
ner 3 exit occultation (dotted
curve), as adapted from Woo
ctal (1974)

Superimposed is the theoretical spectrum (solid

curve) based on the actual occultation parameters,

and displaced along the ordinate axis to vield
maximum fit. The error bar represents a 90" con
fidence interval.
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Figure 4.12 Log-amplitude power spect-
rum for region ( of the Mari-
ner 5 exit occultation (dotted
curve), as adapted from Woo
ctal (1974)

Superimposed is the theoretical spectrum fsolid

curve) based on the actual occultation parameters,

and displaced along the ordinate axis to vield
maximum fit. The error bar represents a 90% con-
fidence interval.

The experimental spectrum shown in
Figure 4.12 displays scatter among indi-
vidual spectral estimates that appears
more consistent with the indicated 90%
confidence limits. There is an indica-
tion that both the predicted position of
the spectral knee and a decrease in
power at lower frequencies is repro-
duced in this event.

Power spectra  calculated by Woo
(1973a) from the Mariner 10 Venus
occultation lack the tow-frequency part
below w ., and also appear to be
smoothed at higher frequencies to an
extent that would make a comparison
with the theoretical power spectra vir-
taally: impossible. Due 1o the much
smaller turbulent medium-to-probe dis-
tances involved. the Pioncer Venus
entry probes failed to detect any inten-
sity  scintillations,  estabhishing  essen-
tially an upper bound on the refracti-
vity fluctuations in this case (Woo ¢t al
1979).

Fizure .13 shows a power spectrum
based on the Mariner 10 Venus occulta-
tion profile as calculated by Lipa and
Tyvler (1979). The spectrum  corres-
ponds in altitude approximately to the
region labeled A by Woo et al. The
fisure shows both the experimental and
theoretical  power  spectra, together
with part of the exit occultation inten-
sity time profile and the small segment
subjected to spectral  analysis. The
experimental spectrum is calculated by
first. Nitting a polynomial of varving
dearee to the intensity background, and
then subtracting this trend function
from the signal to obtain the fluctuat-
ing part. The residual variance of the
signal relative to the polynomial trend
1s shown as a function of the degree N
of the polynomial in Figure 4.14. 1ni-
tially the residual variance is scen to
decrease rapidly with N, but then be-
coming virtually insensitive to this para-
meter for N> 5. Thus a fifth degree
polynomial was subtracted from the
intensitv-time  profile, and the differ-
cace was normalized by the trend func-
tion and subjected to a power spectral
analvsis, the result of which is shown in
Figure +.13. The corresponding theore-
tical spectrum has been shifted along
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the ordinate axis to vield maxi-
mum fit. The low-frequency parts
are seen to agree fairly well. Also
the high frequency portions are
not in obvious disagrecment, the
large scatter of the data points
taken into account. The possible
discrepancy between the position
of the Fresnel knees may. at least
in part, be attributed to the limi-
ted statistical significance of the
experimental spectrum.

Preliminary analysis of other parts
of the Mariner 10 occultation pro-
file suspected of containing struc-
tures due to turbulence has not
vielded a consistent result. Most
of the fluctuations seen in the

EXPERIMENT deeper parts of the occultation

' g8 "’“‘ p.mhlc tu.rn out to bg’ noise, con-
I o sistent with the findings of Woo
60 » A and colleagues for the Mariner 5

occultation. At least in one other
region does the power spectrum
raise above the background noise,

MARINER 10 VENUS

STANFORD UNIVERSITY but vet does not match its theore-
tical prediction. It is possible that

foyn this region does not correspond to

— well-developed turbulence, or that

10 the  statistical  significance s
simply too low to provide a mean-
ingful comparison with the statis-
tical mean spectrum of the theore-
tical analysis. ]

Frigure .13 Experimental and theoretical power
spectrum  corresponding to the
approxmately 16 s partion of the
Muarmer 10 Venus exit occultation
ddicated o the lower left part o)
the fraure

Specetra of higher statistical signifi-
cance, essential to an experimental
assessment  of the theory deve-
loped here, may in principle be
obtained from the averaging of
power speetra from different occultations, or through substantial spatial averaging in a
single vrazing  occultation, where the ray moves many Fresnel scales at essentially
contant altitude. Removal of the background intensity from the scintillations poses

- vet another fundamental problem. When the scintillation spectrum and the trend
‘“ function have finite power in a common frequency range. which may normally be the
- case, complete separation of fluctuations and trend is not possible even in principle ]

{(Yaglom 1962). It is nevertheless imperative that a common and well-defined proce-

dure be used when removal of the trend is attempted. The technique suggested here is

both well-defined and statistically sound {Draper and Smith 1960, Chatterjee and Price
* 1977).
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Fiaure 4.14 Rest vanance. 05, of otensity pluctuations around a polvnomial trend. as a
function of the degree Noor the polvnoruad
The timie series analvsed corresponds to the scament of the Pronecr 19 Venus ocoultg
tonandicated o bgure $10

4.5 The weak scintillation approximation in planctary occultations

Consistent with the contention made 1 section 4 5,0 we shadl asame here that the
theoretical results of the previous sections are valid of - 7 Lonrespectine of the
magnitude of the phase tluctuations at exat trom the arnosobere Below we explore
to what extent this weak scintillation assumption man hooe boen satistied e past

radio and stellar occultations. examining both theoretead oot cxperimental evidence,

We detfine formally a cntical occultation depth 2% uck tion

Py

<o )> = 1

I'he theoretical results developed here are thus vabid oniv tor Gocndation depths such
that ¢ > ¢™. In terms of ¢, the scintilation mdes a1 an arbitran depth ¢ s from
cquations (4.23) and (4.26)

. e .
:6-;> = ,\\;( Loy (T L e . (4.39)
W(Lo*p) o I o
where Wotakes cither of the forms civen by caguations ¢E2130) and (4.260) for radio
and stellar occultations, respectively. In Lable 4.1 we have caleulated the critical
depth 0" for two past radio and stellar occultations. For all cases we have assumed
il 107 and Loy = H/30 where H oalong with the freespace Fresnel zone and
the stellar anzular radius are civers in Table 2.1, Since 0% < 1 for all four occultations,
cquation (.39 simplifies to

Sh L~ (oot (+.40)

when o~ Lo Tt s apparent from Fable 4.1 that the weak scintidlanon condition may
have been violated in the deeper parts of these ocodtations if turbulence of the
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strength found at the ~15 km level
x of the carth’s troposphere is also pre-
4 ®min sent at the higher altitudes probed
on Venus, Jupiter and Neptune.
M10/VENUS 4190 a10?
PIO/JUPITER 310 1107 Data  from the Mariner 3 Venus

occultation have been analvzed by

BSCO/JUPITER 10! >107 Gurvich (1969), Golitsvn and Gur-
vich (1971) and by Woo et al (1974)

BD-177 4388/NEPTUNL 610~ =10" for the variance of the log-amplitude
fluctuations. Accounting for a factor

of 4 between this quantity and the

lable 4.1 Approximate critical occultation scintillation index, Golitsyn and Gur-

vich (1971) estimated the scintilla-
tion index to be about 2:107? for
both the night side immersion and
Data for the stellar occultations by Jupiter and Nep- day side cmersion. Phis value is an
tune are from Liller of ol (1974) and Freeman and average over altitude corresponding
Lynga 11970, respectively. to an approximate pressure range of
1 -5 bar. Woo et al (1974) obtain a
similar ficure (~4-107%) for the scin-
tillation index in the ~60 km altitude region of pronounced turbulence identified in
their analvsis. In his ar ddysis of wurbulence in the Mariner 10 Venus occultation, Woo
(1975a) found a valuc =0.1 for the scintillation index in the same ~55-70 km
altitude recion previously probed by Mariner 5. While the radio occultation measure-
ments, including that of Venera 9 (Timofeeva et al 1978). appear mutually consistent,
estimates of the refractive index structure constant that would vield much higher
values Tor the seintillation index have been derived from radio link analyvses of the
Venera 4+ 8 landers (Kolosov et af 1970, Yakovlev ¢t al 1974). While this discrepancy
has not ver been satslactorily resolved, the recent Pioneer Veaus entry probe
medasarements appear to support the radio occultation data (Woo ~i 7 1979). The
spacecraft measurements thus appear to predict a lower turbulence -urength than
would be predicted from extrapolation of meusurements in the carth’s troposphere.

depths O and menimum occwl-
ted mtensity @y for two past
racdio and stellar occultations

No determination of « sointillation index for the Pioneer Jupiter missions, for the
Vovager Jupiter and Saturm missions, or for any of the several past stellar occulta-
tions have been reported. The large excursions in intensity commonly observed in
stellar occultations strongly indicate, however, that non-uniform atmospheric struc-
tures, possibly turbulence, would vield a formal value for the scintillation index
comparable to or larger than unity. Tt is deemed important, after properly separating
the scintillations from the main structure of the event, to calculate the scintillation
index also in such cases. Since numerical simulations indicate that the scintillation
index saturates to unity also when an inhomogeneous atmospheric background is
accounted for (French et al 1980)%, values of <$?> that were larger than unity, for
cxample, would immediately rule out turbulence as the sole cause of these intensity
variations. Additonal clues as to the nature of the underlying atmospheric structure
miczht then be obtained from an examination of the scintillation power spectrum, as
discussed more fully in section 7.

* Recent results by this quthor, based on o slight generalization of the stationary phase technigue

developed inosection 3, shows that the scntillation index indecd saturates to unity also in the
presence of an inhomeoeseneous backyround.
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5 PROFILE ERRORS DUE TO TURBULENCE

As previously stated, the inversion procedure to obtain profiles of refractivity, tempe-
rature and pressure from occultation measurements assumes the atmospheric refracti-
vity to have a spherical distribution. Turbuvlence violates this condition, and since the
perturbations in signal intensity and Doppler frequency due to turbulence are non-
linear functionals of the generic refractivity fluctuations, such profiles will contain
both random (zero mean) and systematic (finite mean) errors. We estimate in this
section the magnitude of these errors, and shall find that the random and systematic
crrors are both small in the limit of weak scintillations, consistent with the simple
argument given in section 2.2.

5.1 Random errors in atmospheric profiles from radio or stellar intensity measurements

Let n, = 1+v_ be the refractive index calculated from the formal inversion given by
- ’ . . .
equation (2.1b). Let @' = at poowhere p/a~ p/R < 1. Fo lowest order in v this equa-

tion becomes

12 -
v (ry) = 7!1_) (]";) (I' Mga: pip' fdp (H.1)

We have here used the approximation cosh™ (a'7a) > (2p/R}' L and the argument atp
of M = al)/H signifies that a is the bending angle of a rav with impact parameter a¢ p.
Since a= (2AR/IN' ey for small bending angles in o spherically symmetric and iso-
thermal atmosphere, direet substitution i equation (5.1) vields v = ry, as required in
this case.

When turbulence is present, the signal intensity may be expanded in powers of vy as in
=0, bt ¢Z(1*6|*-..)‘~(1*M)" (5.2)

The last equality assumes that the signal intensity is still related to the ray bending
angle as if no turbulence were present in a shallow occultation. Combination of the
two previous cquations viclds for the lowest order error v, relative to the “true”
refractivity vy of the ambient atmosphere

1 2':*81(‘1‘1’) 12
v (=) i 5.3
sl m R (J) (’bl(‘l’ P)l) ap (5.3)

g v -~ . g . . .
I'he argument a+p of ¢, and (,6/ stgnifies again that these quantities are calculated

with respect to a ray of impact parameter at p. Clearly, as <¢7> = 0 the refractivity
crror vanishes and v~ v,.

Since Py 18 a stochastic quantity, only its mean and varianee (and possibly also
higher statistical moments) are of interest. Fhe mean vatue is zero. since clearly
L9y > = 0. The fractional variance of this quantity is, from equation (5.3)

<pis o <@ -Bp " 2
Rl - o H (14 Me i J(1 o+ Me Bp: e Syt p ‘)~p'. (e py)dpydp;
vy 7 RD2ef oo
(5.4)
All atmospheric variables \\ht‘r(' an arcument has not been assigned are referenced to
the ray impact parameter 4”7 a. In establishing this equation we have used the fact
that «(p. fatp o (atp,) > - (,5 (a) >exp(-Be(py tpahp(pa py )y where p is the (nor-

malized) autocorrelation function of the (normalized) intensity scintillations at the
receivers B0 - Hoand B¢ Hy as before. In the following we shall not distinguish




between H and Hy. Let
1= [ p(ap) d(Ap) (5.5)
0

be the correlation length of the intensity seintillations, and let F(p,.p2) be a function
that changes slowly on a length scale ~1, so that

Jj F(pypa)ppa po)dp,dp, = lf F(p,.pi)dps (5.6)

00

It may bhe shown using the definition (5.5) together with equation (4.7) that Lis typi-

cally on the order of ap g ina shallow occultation. Therefore, in the range 0 <(p;.

pab < Howhere equation (5.4) derives its principal contribution, the co-factor of p in

the intearand of this equation satisfies the condition for using relation (5.6). For the
I resion of principal interest we thus obtuin

R RGN U 13N 5.7)
v TR (

IS Med

From cquations (2.6) and (2.7) it may be shown that the corresponding fractional
errors in temperature and pressure are approximately

. > A
[y , <l’x~l’ ) > l <¢%> (58)

o
l,, Pot H

._,,X

where Ty, and p,y are the lowest-order errors in temperature and pressure, respecti-
velv, relative to the Ttrue” ambient values Ty and pg. Thus the fractional mean
square errors in derived refractivity, temperature and pressure are all small in the limit
of weak scintillations. For stellar occultations the same result applics, except that the
correlation length 1T may be different from = ag  in this case. If the projected stellar
radius ag w'nlhmnll\ exceeds ag g, I = ag and relations (5.7) and (5.8) are still valid

if also a < 1L

It is interesting to note that it the Baum and Code equation {2.5) were used to
estimate the scale heicht and hence the temperature, the corresponding mean square
fractional crror in temperature would be dppro‘(lnmtcl\ <@i> for ¢ <l. Thus the
integral mversion technique is less sensitive to intensity scintillations than curve-fitting
to the Baum and Code equation by a factor I/H < 1.

5.2 Random errors in atmospheric profiles from Doppler measurements

For a spherically stratified refractivity field the atmospheric Doppler frequency f is
related to the small bending angle a approximately as in

A= v (5.9)

where v, is the component of the spacecraft velocity in the plane of refraction that is
perpendicular to  the incoming ray asvmptote. W hen turbulence is present, the
Doppler frequency may be expanded as = {3+ +..., where fg = @(v,), £, = O(y)
ete. Since equation (3.9) is still used to infer the bending angle also when turbulence
is present, the estimated angle, a = o, may be similarly expanded in powers of v,
according to a7 Qpg o, +oo. From equation (2.1b), and using a similar expansion
of cosh™(a'/a) as in equation (5.1), we find that the estimated refractivity v, is

o2y mdaglatp)

v, I R l 5.10
v T ( R 0 dp podp (5.10)
A2 mdfi(atp) e
v = (=) M | 5.11
©l 7 e (R ({ ap p'“dp (5.11)
L R P 4 . —— - — -y T AT A e T S ) "\m
— i e et . & oo
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where, clearly, vy = O(vp), ¥y = O(v)), etc. Using the standard, small ungle expres-
sion for «, equation {5.10) is readily shown to vield v,, = ¥4. The lowest-order error
to this "true” refractivity profile is thus represented by equation (5.11). In terms of
the covariance function (assuming local homogeneity’)

+ .
B(p,.p2) = (—if—d(l;gz—)df‘s: )')> <((lf 1 (a) > o(p2—p1) i
2 1 :

the mean square fractional error in refractivity is i this case

((lfd > ff Aulpy ),O(pz ~p)p)t Tpat idp, dp, (7.12)

e A -

I'he first-order Doppler perturbation s related to the corresponding perturbations in
bending angle as in :

My =V oy,

where J, and &, are the first-order perturbations in ray bending angle in the xyv- and t
~ plane, respeciively.

Proceeding from this stase to evaluate <(df; /da)” > and p via the statistical properties
ooy and o tumms out to be extremely difficult, essentially for the reasons given at
the end of section 4.1, As an alternative approach to a direct theoretical evaluation, one
micht estimate the right hand side of equation (5.12) from occultation data. In so
doing, care should be taken to properly subtract from the total atmospheric Doppler
the lowest-order component, fy, due to the ambicnt atmosphere, as explained
section +.4.2. From a record of f; versus impact parameter a, df, /da along with its
mean  square  and  correlation  function  p mav be  estimated. vielding even-
tually. through the  operations indicated in equation (3.12), an estimate of the mean
square fractional error in refractivity,

We have shown previously that in the evaluation of the mean square fluctuations in
cending anele, the exact Kernel in the field integral (3.1) cannot be approximated by
the quadratic Fresnel kernel. Also the complete spatial extent of the turbulent
medium will have to be considered in such a calculation, as explained in section 4.1.
Instead of attempting a nigorous calculation, we shall make the following heuristic
arguments, which will hopefully vield the proper functional form and order of magni-
tude of the right hand side of equation (5.12). It may be arcued on ¢eneral grounds
that <a,><<,3 > when ¢, < 1. We thus approximate -f, = (vy/A)B,, while also
assuming v, = (O(vz Due to thc assumed exponential variation of the rms turbulent
refractivity fluctuations, the effective width of the turbulent medium parallel to the limb
s ¢~ lRHl)”. Perpendicular to the limb the effective width mav be shown to be at
most on the order of I when ¢ < 1. The smallest eddy sizes capable of scattering
clcmcntur\' waves within an aperture of these dimensions is therefore ¢~ AD/Cand

~AD/H in the v- and z-directions, respectively. The correlation length of d8, /da
¢ m therefore be no smaller than the least of these dimensions, 1 e, €. Also, when
the turbulent phase perturbation of the wave is one radian, the rms turbulent bending
anzle can be at most on the order of 3; ~ M. Omitting numerical factors, we thus
tind that an approximate upper bound on the right hand side ot equation (3.12) is such

that ot ” 2 :
",k’lfg(__‘-) (v ¢ (5.13)
v RY) D R

\doprne numerical values appropriate for the Mariner 10 Venus and Pioneer 10
Jupuer occultations. we find that the right hand side of relation (3.13) s approi-
mately 6107 and 3-107°, respectively. Thus the refractivity error is small even when

SLTEEW g Lo - Y . S fw o~ w-— - -
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the turbulent phase perturbation approaches the strong scattering regime. We also
observe from relation (5.13) that the refractivity error decreases with increasing
planet—spacecraft distance, all other quantities remaining constant. The refractivity
error incurred from the inversion of radio intensity measurements yielded an increase in
this error (proportional to D™ for ¢ < I; cf equations (4.23) and (5.7)) with pro-
pagation distance, and is probably much larger than that calculated here for Doppler
measurements at any occultation depth.

From equations (2.6} and (2.7), and consistent with the crudeness of the analysis
presented here, we finally conclude that also the fructional temperature and pressure
crrors are small, being approximately

ge 2 1 2
(ir%ﬁ ‘51’»2._12) < (,l_tL) L (5.14)
Ty Po apgD” R

where, as before, T, and p,, are the lowest-order errors in temperature and pres-
sure relative to the ambient values Ty and pg.

5.3 Systematic profile errors

The possibility that atmospheric profiles obtained from occultation measurements
were inflicted by systematic errors in addition to the random errors discussed here,
was first raised by Hubbard and Jokipii (1975). As a result of additional contribu-
tions and subsequent critical responses by other authors, certain aspects of the theory
of these higher-order effects. ¢ g, their wavelength dependence, are still under debate
{cf discussion and references quoted in section 1.1). However, both parties apparently
agree that the systematic effects are too small to be of much practical concern, and a
discussion of this topic here may therefore scem unwarranted. From a theoretical
point of view thesc cffects command substantial interest, however, and they indeed
appear to have passed virtually unnoticed in previous analyses of electromagnetic
wave propagation in randomly inhomogencous media®. We shall therefore provide
here a brief discussion of these effects, developing first a geometrical optics result for
the systematic phase error and proceed by generalizing to wave optics. From this
result, the form and approximate magnitude of the systematic errors in intensity and
bending angle will be established along with the resulting errors in the calculated
refractivity profile.

5.3.1 The second-order phase bias

Following the treatment of Eshleman and Haugstad (1977) and Haugstad (1978b),
consider a thin phase-changing screen representing homogenecous and isotropic turbu-
lence superimposed on a homogencous background, see Figure 5.1.

A plane wave impinging on the screen as indicated is refracted through small angles
o, and B; in the xz- and xy-planes of propagation, respectively. The total phase
change of the wave by propagating through the screen to the receiver at x = ¢/2+D =D
is kS, where in geometrical optics the optical path S is simply

D
N =0f n(x,y(x), z{x)) ds (5.15)

* Tatarskii {1971; pp 256) calculates the second-order, systematic phase change due to turbulence,

but he uscs the result to mercly establish the conditions for convergence of the mcethod of
smooth perturbations. Keller {1962) has calculated the systematic, second-order phase shift for
geometrical optics, but his result differs from that obtained here. Keller (1977) has later correc-
ted for an crror in his calculation, which brings his result into cxact agreement with that given
by equation (5.22) here.




Figure 5.1 Radio wave propagation through homogeneous and isotropic turbulence
superimposed on a homogeneous background
The spacecraft is located on the x-axis a distance D 3 € from the exit face of the screen.

Here n = 1+v = 1+p,+v, is the refractive index, and

ds =1+ (97 4 (d2)*"? g (5.16)
dx dx

is a differential along the ravpath represented by the space curve y{x), 2(x).

The zero-order raypath is clearly voix) = 24(x) = 0, since Vg is homogeneous. Denot-
ing by y(x), z;(x) the first-order perturbations in the raypath induced by the
turbulence, we find through sccond order in small quantities by expanding v, and ds
relative to the zero-order raypath

D
S=f(L+vo+vitv vy by, )1+ ‘.1,'512 + ‘170"12)(1.\ (5.17)
0 2 2

All quantities are herc evaluated on the zero-order raypath, 1e, vy =v,(x,0,0),
Viy = Py (x,0,0) cte, and subscript y or z on v, denotes differentiation with respect
to that argument. In deriving this result we have also used the fact that 8; =dy, /dx
and a; = dz, /dx for small bending angles o, and §,.

The integral in equation (5.17) should be cvaluated subject to the boundary condi-
tions
vy =, =V, =0 at x=0

(5.18)
Vi =2y = at  x=D

Expanding formally $ = §5+8, +8,, where §; = ©(v, ), S; = O(r}), we then obtain

D
So = f (1 +vy)dx (5.19a)
0
D
Sy =J v, dx (5.19h)
0
D D 1
S, ={f Vyy Vi dx + [ v, lzl(lx}+ 5 D(a,? +8.2) (5.19¢)
0 ' 0 '
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In the last result we have used the fact that fod dx =Da? and[f2dx= DB, where «,
and §, are now the final, first-order bending angles in the xz- and xy plane, respecti-
vely. The ensemble averaged optical path length is now, since <v,> =0

<S> =8+ <8, > =8+ ¢, + L, (5.20)
where we have defined, in view of equation (5.19¢)

€ = 5D (<> + <B7>)

4

Q‘

M

D D
6{<V|‘yy,>dx +of <y, 2> dx

Integrating by parts the last expression and applying the boundary conditions (5.18)
vields

G = DRal> + <BE>)

I'hus there is a net reduction in average optical path by an amount
<8> - 8o = - LD(<a> + <p2>) (5.22)

relative to a non-turbulent atmosphere of refractivity ¥4. An alternative statement of
this result is that the average phase velocity is increased in the presence of turbulence
(Haugstad 1976, Eshleman and Haugstad 1977, Haugstad 1978b). The appropnate
aeneralization of this result to an inhomogeneous background is (Haugstad 1978b)

<§a> = — % D(6,<B> ¢ 9,<ai’>) (5.23)

where a; and 3, are the bending angles produced by turbulence on a homogeneous
background.

The above derivation of <8;> apparently allows the following interpretation to be
made. The total change in phase path has two contributions, £; and ¢;. The former
component represents the increase in phase path associated with the longer geometni-
cal path to the receiver. This increase is more than offset, however, by the €,-compo-
nent, which represents a twice as large decrease in phase path associated with the rays
"success” in traversing the refractive medium in such a way as to encounter, on the
average, a lower than average refractivity. We observe from equation (5.22) that the
bias in phase path increases with propagation distance in vacuum between the turbu-
lent medium and the receiver.

A wave-optical calculation shows that the general weak scattering result for the bias
in phase path is (Haugstad 1978¢)

) <8,> = <X, 8> (5.24)

where X, and S, are the first-order, wave optical expressions for log-aml)litude and

. phase path. Emploving equations (4.7) and (4.8) and noting that 2x, = ¢,, we find
that

. <8;> = ke ff P(u)sin (P)du, (5.25)

with P given as before. A comparison of this result with the gecometrical optics
expression (5.23) shows that the two results are indeed identical in the limit k o0, A
. further comparison of the two results also reveals that diffraction strongly suppresses
contributions  to <8,> from turbulent eddy sizes smaller than the atmospheric
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Fresnel zone. We also find that for Kolmogorov turbulence the bias in phase path
scales with radiation wavelength as X'®, implying that an initially non-dispersive
medium becomes slightly dispersive by the addition of turbulence (Haugstad 1978¢,d,
Haugstad and Eshleman 1979). A result similar to equation (5.25) has also been
obtained by Lee (1976) from an evaluation of the second-order scattering produced
by simple diffraction grating.

5.3.2 Systematic errors in atmospheric profiles from Doppler or intensity measure-
ments

If the bias in optical path changes spatially, as a result of a spatial variation in either
Yo or <¥}>, a finite bias in both bending angle (and hence in Doppler frequency) and
intensity may result, as illustrated in
Figure 5.2. The turbulence strength is
here assumed to increase with atmo-
PHASE FRONT spheric depth so that the average phase
' advance is greater in the denser region
A2V ! of the atmosphere {cf equations (5.22)
' H o or (5.25)). It is scen from the figure
e \ that a lincar spatial variation of
' \ <pi> gives rise to a bias in ray bend-
\ ing angle. whereas a non-vanishing
\ sccond derivative of this quantity yields
\ a net focusing or defocusing of the rays
\ and hence a bias in signal intensity.

AVERAGE
ATMOSPHERE

\
- Mathematically the bias in bending
\ 'fmglc is related to that in phase path as
\ in

1<
<ay> = :52>

V<By> = ~———a§S?>

) ) v z

Figure 5.2 lllustration of the average ’ (5.26)
effect of turbulence on phase
path, bending angle and inten- where a; and B, are the second-order
sity components of the ray bending angle in

The solid curve shows the position of the phase
front behind a homogeneous ambient atmosphere
void of turbulence. The broken curve shows the
curved phase front when turbulence of increasing

the xz- and xy planes of propagation,
respectively. The exact relation be-
tween the intensity bias and that in

phase path is still a matter of contro-
versy, even for the gcometrical optics
casc (Eshleman and Haugstad 1978,
Haugstad 1978a, Eshleman and Haugstad 1979, Hubbard 1979). However, for shallow
occultations several lines of reasoning indicate that the intensity bias must be of the
form

strength in the z-direction is supcrimposed.

D3y
62>~ a2 g (5.27)

in both geometrical optics and wave optics, since, for reasons of energy conservation,
a finite value of <¢,> is conditional on a systematic spatial variation of the angular
bias®. As the arguments over the precise form of both the angular bias and the
intensity bias, along with the question of their wavelength dependence, have become
extremely technical in nature, we shall make no attempt here to provide a balanced
expos¢ of these issues. Rather, since the resulting cffect of these biases on derived
profiles is agreed by both parties to be very small, we shall instead use simple order
of magnitude arguments to merely establish the approximate magnitude of these
CITOTS.

Relation (5.27) also assumes that <8,> = 0. This will always be true if both Vo and <V}> have
strictly spherical symmetry, which will be assumed here.




) »,,.e"“

49

Considering the nominal occultation level (¢, = 1/2) and disregarding numerical fac-
tors, relations (5.26) and (5.27) yield

<oy > ~ <S,>/H
: 21 (5.28)

<B,> ~ <8;>/H?

where ¢, = ¢2/¢, is the fractional bias in intensity, and H is a typical vertical scale of ‘
variation of either <v3>'? or vy. By virtue of the assumed spherical symmetry of these ‘
quantities, <@,> = 0. In equation (5.26) the z-derivative at the receiver is related to a
similar derivative in the atmosphere according to d/9z(receiver) = ¢,3/dz(atmosphere),
so that relations (5.28), being representative of ¢, ~ 1/2, actually overestimates the ;
biases in deeper atmospheric regions.

Refractivity profiles obtained from radio Doppler or intensity measurements will con-
tain a bias, <r.,>, that is related to the biases (5.28) and to other second-order
effects. This refractivity bias may be obtained from equation (2.1b) by formal expan-
sion of ¥, in powers of v, and collecting all terms of second order, yielding

21 2,12 =d<a,> i
<v*2>l)opplcr - T')_'<V*21> + (E) OI T p “dp (5.29a)
0, 202 To[<B,> — L(1+4¢,)<B2>jp2dp  (5.30a)
<V*2>lmcnsity = %<V»21> +D l(ﬁ) ({d)z [<¢: 2( 2 171p
A closer examination of equation (5.29a), using the previously derived approximate L

upper bound on <»2,> v}, reveals that the refractivity bias is probably dominated by
the second term in this case, f ¢ by the angular bias. Bv contrast, the right hand side
of equation (5.30a) is dominated by the second term in the integrand, yielding
approximately for the two cases

<VK-2>l)opplcr = (R) of ‘dp p'*dp (5.29b)
1 12 =1+ ¢Z Ay 2

V2> oy = o3 ——2 <pr>plad 5.30b

27 Intensity (2RD2 of ¢z o1 ¥ P ( )

Explicit evaluation of these relations, using the first of relations (5.28) along with an
explicit expression for <S,> obtained from equation (5.25), yields the following
approximate results for the fractional. absolute bias in calculated refractivity

<o, > HRLS  4p o P <¥i>

( ltzl__) ~ = 40( P,O) 2l (530)
Vo Doppler R‘iF,O Lg v3

(Sa2lZ) <> (5.31)
Vo Intensity

Although approximate only, these results are significant in several respects. The
former result shows that the fractional refractivity bias is always small in the weak
scattering limit. For the Mariner 10 Venus and the Pioner 10 Jupiter occultations, for
cxample, we estimate typical values ~10° 10 if <v}>/v§ = 105 is a representative
turbulence strength. We also observe that the refractivity bias decreases slightly with
propagation distance (as D™"® for Kolmogorov turbulence) and scales with radio wave-
length in the same way as the bias in phase path. ie. as X' for Kolmogorov
turbulence. By contrast, the fractional systematic error in refractivity profiles derived
from intensity measurements is controlled by the entirely different quantity <@ >,
which mav approach unity in the present theory. However, as long as the scintilla-
tions are weak also the fractional refractivity bias will be small, although being much
larger than the corresponding error in profiles derived from Doppler measurements.
Thus the fundamentally different character and magnitude found for the random
refractivity error for the two cases also carry over to the refractivity bias, giving the
radio Doppler technique a further advantage over the less accurate intensity measure-
ments as a tool for remote probing of planctary atmospheres.




6 TURBULENCE IN DEEP RADIO OCCULTATIONS
6.1 General consitderations

Most previous spucecraft occultations by planets have involved fairly shallow penetra-
tion of the probing radio waves into their atmospheres. Increased sensitivity of the
radio links of current (Vovager 1 and 2) and future spacecraft will allow deeper
atmospheric regions to be probed by the radio occultation method. Following
Eshleman et al (1979a), we shall reserve the term Vdeep occultation™ to denote situa-
tions where atmospheric refraction deflects the ray by about a tenth of a planctary
radius or more, as viewed in the plane of the sky. Under such circumstances the
probing wave may experience significant focusing due to the curved planctary limb.
As explained in sections 3.2 and 3.3, in the central regions behind the planet the
focusing may become comparable to and eventually substantially exceed  the initial
defocusing caused by differential refraction in the plane of propagation. Correspond-
ing optical enhancements have been observed at earth during the central occultation
of e-Geminorum by Mars (Elliot et af 1977b).

For a general refractivity field the focus, or more properly the caustic surface, is the
locus of intersection of infinitesimally close normals (ravs) to the equirefractivity
contours. If these contours are everywhere parallel to the planetary limb, this locus is
also the evolute of the planetary limb. This circumstance has given rise to the term
“evolute flash™ (Eshleman et al 1979a). which refers to the brief but very strong signal
enhancement assoctated with a crossing of the evolute. For an oblate planet characte-
rized by two orthogonal radii of curvature, the locus resembles a four-cusp cylinder,
extending along a line through the planctary center from a certain minimum distance
behind the planct to infinity. For a strictly spherical refractivity field the evolute
dezsenerates into a single line.

The basic theory of such evolute flashes has heen worked out in two recent publica-
tions. These papers have cither emphasized the potental information about gravitatio-
nal moments, planetary rotation and zonal winds that can be obtained from observa-
tion of the evolute flash (Eshleman ¢t «f 1979a), or the possibility of using the gravita-
tional focus of the sun for cavesdropping and communication over interstellar dis-
tances (Eshleman 1979). T'he theoretical predictions of these papers were based,
however, on the assumption of a spherical or near-spherical distribution of refracti-
vitv. Any departure from such a degree of symmetry, as caused for example by a
more complex globual distribution of refractivity or by smaller-scale turbulence, will in
principle aftect the predictions from this theory. The extent to which this occurs is
investigated here by evaluating the general results developed in section 4 for the
scintillation index and intensity power spectrum close to the focal line, following
essentially the development of Hauustad (1981). The general results of this analysis
will then be applied to the actual conditions of the recent Vovager 1 Jupiter focal
evolute crossing, and also to examine the effect of solar corona plusma irregularitices
on the performance of the gravitational lens of the sun.

For the reasons given at the end of section 4.1, no attempt will be made to evaluate
the fluctuations i Doppler frequency near the focus.
6.2 Scintillation index and power spectrum close to the focus

The weak scattering scintillation index associated with the near-himb rav is, from
equations (4.10) and (4.25)

1
<& > - BEk? S du)sin (P) 2] laguy) du, (6.1
Coau,
PRSI —apmon- e~ - v e
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where the upper form is for a coherent (radio) source, and the lower form for an
extended (stellar) source of projected angular radius 45 above the planetary limb. For
the far-limb ray, the quantities ¢,. and ¢, contained in the definition of P remain of
the same form, except that ¢y >'Ipyf, since @y is negative (D > R) for the ray over
the far limb. ’ ’

Partly because of the ray-optical nature of ¢, and ¢,, and in part because of approxi-
mations made in the derivation of equation (6.1) itself. this result is only valid
heyond a certain minimum distance from the focus. The former constraint coincides
with the distance w = AD/R given in relation (3.21) as the width of the focal maxi-
mum. The more constraining condition associated with the neglected terms in the
stationary  phase  expansion was established in section +.1'as ¢,. = (R/r,) € (RH)'?/
aF 4 where r, is the distance from the spacecraft to the focal line in thc plane of
the sky. T'hus equation (6.1} should not be used close to or within a distance r; =
AH,(R/H)‘: from the focal line.

Considering in the sequel the coherent source form of equation (6.1}, the form of the
scintilfation index in the focal region is found to depend strongly on which of the
two inequalities

‘lP‘h 2 LQ

that are satisfied. When ay o < agy, <€ Ly, the appropriate form of equation (6.1) is
given by equations (+.23a.b). Evaluation of these equations yields for ¢, <1

p
= -]
na K Qp g p-3 2 2 3
<Bi> x K ()T RDE (R)T s (6-2)
l‘O JF.O Ty

where Ky = {72 2m13 P2 secmp 41207102 (p-1)/2)) /1T ((p-3)/2)0 (p-1)1. This result is
valid for 3 <p <6, and for dq)ths of occultation such that ¢z/¢’\ = HrJ_/(R )R <1,
while simultaneously ayp U(R/rj_) <€ Lg. Thus focusing around the curved limb causes
the samtillation index to increase as r}*® (assuming p = [1/3) as the focus is
approached.

When the occultation has proceeded to the level where ay > Lo, equation (6.1) may
be evaluated subject to the stronger condition ag > Ly, to vield asymptotically

Lol o

<Bi> v K, S8 <ri> (6.3)

ras

IS

where Ky = 167 F(p/2)/ (p-2)0(3/2)F ((p-3)/2)). \ccording to this result there is no
explicit r - dcpcndvnu of the scintilation index in this rcglmc, the only possible
change in <83 > being due to the very slow change in <vi> towards the focus. But
close ta the focus, where ag > Ly and ¢, = H/R, the (hdnuc in altitude of the rav
periapsis as 1, =~ 0 is o small fraction of a scale height only. Thus <vi>. and hence
also <&3>, is very nearly constant in this region. This situation is depicted schemati-
cally in Figure 6.1.

The immediate reason for the plateau in Figure 6.1 is the assumption imbedded in the
turbulence power spectrum, equation (4.16), that @ is itself constant for u <€ Lgt. A
constant power spectrum in this region is merely a convenient way of imposing a
finite variance on the fluctuations in refractivity, h(mmcr. since ® cannot increase as
u? all the way towards u= 0 if p> 1 and <v}> is finite. In actual pmcncc no
well-defined outer scale exists. and any structure in @ in the range u<lLy will, of
necessity, also affect '\qﬁ‘/ close to the focus.
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Figure 6.1 Illustration of the qualitative variation in scintillation index with fractional
occultation depth, r,/R, for a fixed planet to spacecraft distance

R is the planetary radius, and r, is the distance from the spacecraft to the focal line in
the plane of the sky.

The point source intewsity scintillation power spectrum is, from equation (4.37)

s . xsinz{(—"“%’i)2 [¢ycosz(9i+ 8)+ ¢Zsin2(0i+5)|}
W(w)=kw E | S dx (6.4)

= 1+ (wo) PR (x? - 1)v2

As before, w_=27 l’2v"/aF o is the Fresnel frequency, wq =v*/Lg, and 8 = tan™ (v3/
vy), where v, = ¢vvy, vy = ¢ v, are the ray velocity components at the ray periapsis
Lorrespondmg to ‘the veloc1tv components v, and v, of the spacecraft in directions
parallel and perpendicular to the limb, respectively. For the current conditions it is
possible to derive an approximate analytical form of cquation {6.4). To this end we
first observe that normally v /v\ (v /v\ (10Hr /R*) < 1 1n deep occultations, so that
6 = 0, characteristic of a gmzmg occultdllon Defining w¢ = w9, and noting from
the definition of w. that w, « ¢ in decp occultations, we find that

W(w) « wsin? (L,z,) - xdx — (6.5)
Wt N (EXRPE
4]

Examination of the integral shows that

Sin? (L) for W< wp
W
W(w) = ¢ (6.6)
wZ
)
C

w!Psin?(

f(.)r w > Wy

Note that, while initially wO/w'c (ap o/lo) € 1 per assumption, in very deep occul-
tations this ratio is reversed, since there wo/w (apg/Lo)(R/r)'"? > 1.

The relations (6.6) imply that in very deep occultations the scintillation power
spectrum has the form depicted qualitatively in Figure 6.2, with the bulk scintillation
power confined within a band w_ S w S w,. As the focus is approached, both we
and wq increase. The bandwidth also mcrcascs, however, since w o (R/rL ? while
wq « R/r; and therefore increases faster than w by the factor (R/rl; . The increasc
in wy towards the focus by the factor R/r, is c.luscd alone by the snmlldr increasc in
ray speed at the periapsis. The slower increasc of w,. is due, howmcr to the compet-

ing cxpansion of the honz()ntdl Fresnel scale by a ?acmr (R/r)'?, which, if actmg
alone would reduce w by a similar amount, and the increased ray speed which is
proportional to R/fr;.
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Figure 6.2 Qualitative sketch of the poit source intensity scintillation power spect-
rum in very deep occultations
. . . . 4 . .
The characteristic frequencies W. and Wy are defined in the text.

In the temporal domain, the bandlimited power spectrum described above corresponds
to typical scintillation time scales less than, or at most equal to, that associated with
the low frequency boundary of the pass-band, that is ~w_'. Thus w is also a
characteristic temporal frequency in very deep radio occultations.

By way of illustration, it is readily proved using the previous relations that one scale
height from the focus, where the background intensity has risen to the unocculted
lecel (¢ = 1) according to equation (3.11), the lower boundary of the scintillation
pass band is at about 100 Hz, if v. = 1 kms™, ap o =1 km and R =10% km are repre-
sentative values. Such rapid scintillations may severely impair the ability to track the
radio signal through an evolute flash, in particular if the scintillations are also strong
(<@i> = 1).

6.3 Applications
6.3.1 The Vovager I Jupiter encounter

The first positive identification of the refractive focus of a planetary atmosphere is
due to Elliot ¢t al (1977h), who observed the “central flash” of € Geminorum as it was
occulted by Mars on 8 April 1976. By contrast, the first attempted radio transmission
from the focus occurred by the recent passage of Vovager 1 through the focal evolute
of Jupiter. According to Martin ¢¢ a/ (1980}, the radio signal displayed several peaks
in intensity near the expected position of the evolute crossing, but none could be
identified as the evolute flash. The absence of a detectable evolute flash led Martin
and volleagues to establish a lower bound on the microwave absorption, most likely
caused by NHj. near the >4.3 bar level of the ray periapsis when crossing of the
cvolute occurred. We estimate below the weak scattering scintillation index during
this evolute crossing, and argue that its high value may have contributed to the
unsuccessful attempt to identify the flash in this case.

A formal caleulation of the scintillation index near focus requires an estimate of
i >0 We will assume that

S IpY S 107 (6.7)

—
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where vy is the ambient refractivity at the vay periapsis during the evolute crossing.
The value in relation (6.7) corresponds roughly to turbulence of the strength found
immediately above the earth’s boundary laver (Bufton cf «f 1972), 4 also the outer
scale and the ambient temperature at the rayv periapsis are equated to 1 kmoand
200 K, respectively. The ambient refractivity is related to its vidue at standard tempe-
rature and pressure (STP) by
vo . p o
YVostp Po T
where (pg.fo) refer to the standard condition (STP). Using v, gpp  ~ 0.060136 as for
a pure Hj-atmosphere, we find that vy, ~ 8107, which vields the value ~6- 10712
for <vi>. Putting ¢ = (RH)!'? and H = 30 km, we obtain for the S-hand (A - 0,13 m)
occultation using equation (6.3) and the previous estimates

<@i> = 610 (6.8)

I'his high value of the weak scattering scintillation index suseests that the seintilla-
tions have saturated to unity well before the focus is reached. I real, such strong
scintillations would significantly change the maximum intensity relative to the ideal
prediction for an oblate planet (¢f cquation 15 of Eshleman et al 197941, Further- :
more, the matched filter technigque cmploved by Martin et @l (1980) 10 detect the
flash. requires signal coherence over a certain minimum time. In view of the discus- i
ston n section 6.2 it is clear, however, that this provision cannot be met close to the
focus where the scintillation time scale approaches zeroo Thus scintillations may have
impaired the mere detection of the evolute tlash, above and bevond the fundamental
difficulty imposed by the very strong NH, absorption of the Shand radio sional
along the atmospheric portion ot the raypath.

6.3.2 The gravitational lens of the sun
Eshleman (1979) aives the mavamun: fooused mtensity for this case as

Pmax om krg .9

where ry is the gravitational radius of the sun oy 2955 me Phis tesalt s derved fora
plane. coherent wave of wavenumber K deflecred throonsh an ancde a0 Zrgratas the
impact parameter) by the solar sravitational belds Anv solar oblateness s too small o
stgnificantly  degrade  the masvimum mtensificanon 2nen by equanon (6.9, Such
degradation mayv be cawsed. however, by the solar corona plasmas which niposes
additional bending on the wave wieay from the tocus by an smount depending on the

local plasma gradient and the radio wavelenath.

Inference from the continuum of scale sizes found i the solar wind plasma (e g,
Jokipti 1973), suggests that also the solar corona s inhomogencous on 2 continuum
of scie sizes rancing from the Debyve denoth 1o those associated with the alobal
dimensions of the coronu.

The approximate effect of large-scale coronal plasima stiactures on Ty MO he
appreciated by finding the condition under which the addinional phase sttt omposed
by the plasma s less than A/20 This iy the condition that the Fresnel sone be
coherent and the signal intensity: being essentially unatfected by the plasma Tor
laraer phase shifts the Fresnel zone breaks up into two or more nonconnected pans,
with o corresponding drop i masimum mtensity below the value anven by Cp
tion (6.9, We thus require

kP« STs (L.1M

—r

where <8{2> is the mean square chanae in phase path of the radio wave imposed by
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the coronal plisma. An additional constraint to ensure the validity of equation (6.9)

. ANy . . .. .
is that <¢i> <1. In very deep occultations, where ap | » Lg, this condition is, from
cquation (6.3)

<pi> > K, ,'X“;_- <wi> <1 (6.11)

It is important to observe that as long as ap p > Ly, the two previous conditions are
essentially identical regardless of the magnitude of Ly. Indeed, from an explicit evalu-
ation of <§31> it follows that in this case

<pi> = 2KI<Si> (6.12)

—ts

It is thus immaterial which of conditions (6.10) or (6.11) that arc imposed to ensure
the validity of equation (6.9). A result similar to equation (6.12) has been obtained
by Salpeter (1967) for a one-dimensional turbulence model. Equation (6.12})
extends this result to three-dimensional turbulence on an inhomogeneous  back-
ground when the leading dimension of the atmospheric Fresnel zone substantially
exceeds the outer scale of turbulence.

Assuming Ly ~ R (R is the solar radiush, so that the rms phase change is comparable
to that mmposed by the average corona, we calculate below the coronal change in
phase path corresponding to the modified Baumbach-Allen plasma model proposed by
Iyler et al (1977), which accounts for latitudinal variations and the effect of the solar
wind plasma. Denoting by p and ¢ the heliocentric distance (in units of the solar
radius) and solar latitude, respectively. this model asserts that

Ne f——n‘—;}? + 1;%%10*% :5:2& 101!} {cos?0 + ysin?0)? (6.13)
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Figure 6.5 Values of the phase shift € induced by the solar corona plasma, for various
fractional heliocentric distances pa nd wavelengths \
I'he corresponding fractional distance D = /Dy, 10 the focus is also indicated.
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where N is the density of electrons per m?. The associated refractivity is
vy = ~4.48.107"¢ A* N, (6.14)

with A in units of meters. Using cquation (6.14) and the previous equations we have
calculated in Figure 6.3 the ratio « = <8$3>"? /X for different values of p and A, The
very large values attained by Kk for even large heliocentric distances (o = 10} and small
wavelengths (A = 1 mm), strongly suggest that coronal plasma irregularities both
reduce the coherent size of the Fresnel zone (and thus ¢ ) and causc severe signal
fading as the focus is approached.

max

According to Figure 6.3, near-optimum conditions can be restored cither by moving
the ray periapsis to larger heliocentric distances, or by reducing the wavelength below
about  10* m. The former alternative is not particularly attractive, since the distance
to the focus behind the sun increases as p?, and is already 100D, ;. at p =10
‘Dmin =530 AU 1s the distance to the ncarest focus corresponding to p = 1). The
apparent solution s therefore to use very short wavelengths, provided present techno-
logical difficulties of sub-millimeter communication can be overcome.

7 DIAGNOSTICS OF SMALL-SCALE ATMOSPHERIC STRUCTURES
7.1 General considerations

Turbulence in the free atmosphere owes its existence to, (i) thermal instabilities, (ii)
wind shear, or (iii) the breaking of large-scale, vertically propagating waves, such as
internal gravity waves. These are physically distinet processes that may lead to differ-
ent spatial distributions and characteristics of the turbulence. For example, a convee-
tive instability may be more likely to occur near the equatorial plane on the day side
where the solar heating rate is a4 maximum. On the other hand, wind shear and
the associated turbulence may be sharply confined in altitude, but may not be other-
wise restricted to particular planetographic locations. A common feature of well-
developed turbulence, regardless of the characteristics of the source, is the universal
form of the turbulence power spectrum in the inertial subrange where L' < u < ).
The magnitude of the outer scale, being a characteristic dimension of the input
region. depends directly on the specifics of the source, however.

In the turbulence model (4.16), the two quantities <Vi> and L, are of principal
interest. One might also want to estimate the slope parameter p from the occultation
data, as has been done by Woo ¢t al (1976, 1977). It should be emphasized, however,
that a statistically significant departure of p from the universal value p = 11/3 in the
inertial subrange, would imply the existence of turbulence that is not well-developed.
That is, it 1s of an intermittent and nonstationary nature. The positive identification
of such intermittent sources of turbulence would in itself be important, but the
particular spectral shape recorded would be directly linked to the specific event and
would not bear any universal significance. The quantities <ri> and L, in well-
developed turbulence would be of much greater interest. since the atmospheric pro-
cesses generating the turbulence will be of a more stationary character in this case.
Fhe specifics of such processes, such as the turbulence strength and characteristic
dimensions of the source, may provide important obscrvational constraints on theore-
tical circulation models of planetary atmospheres, as suggested initially by Woo ¢t al
(1974},

In order to estimate <vi> and Ly from occultation data, one should in principle
consider quantitics that exhibit the strongest possible dependence on the magnitude of
these parameters. For the former, the scintillation index and the associated power spec-
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trum is such a quantity, while for the outer scale the phase scintllations is the
natural quantity o examine. Also other signal characteristics may be used, but will
not be considered here

We discuss below specifically how the characteristics of small-scale atmospheric struc-
tures can be obtained from occultation measurements. It is deemed important to
explore both the limitations and capabilities of the occultation technique in this
reqard, sice once this potential is realized, such experiments may be planned to take
fullest possible advantage of their intrinsic capabilities. Parts of the discussion here
closely parallel that of Haugstad {1979a).

7.2 Estimation of the turbulence strength

Before any "wivaly™ occultation curve is analvzed for its expected turbulence con-
tent, it should be ascertained that the recorded small-scale structures are in fact due
to turbulence and not 1o other atmospheric structures (¢ g, lavers™, or to numerical
artifacts introduced during the data recording or the subsequent analvsis. The best
way o make such a check, would probably be by examining the intensity power
spectrum and the scinullation index. Assuming that the itensity background has
been properly removed, the weak scintillation power spectrum should conform, with-
mn proper limits of statistical significance, with one of the characteristic shapes dis-
plaved in Figures .3 to 4.9, for various geometries and depths of occultation. As an
alternative, one might identify the Fresnel "knee™ at we in the intensity power spectrum,
and determine if it scales with wavelength as A'? for radio occultations. Within wide
hounds on the spectral slope parameter p (2 < p < 6). this scaling is independent of
p- In stellar occultation power spectras the position and shape of the corresponding
Tknee™ depend on the relative size of the projected stellar radius and the free-space
Fresnel zone. 1 ag ™~ ST the "knee™ s determined by ag and is therefore essentially
independent of wavelength. For g« ap o stellar scintillation power spectra would in
all respects resemble closely those of a coherent source.

A tinal check on the expected authenticity of the turbulence is provided by the
scintillation index, which scales with wavelength as X770 for values small compared to
unity.

Once well-developed turbulence has been reliably identified, its strength and spatial
variation mav in principle be obtained from the observations via the theoretical rela-
tionships (l('\clopc(l m section 430 Thus, for shallow radio occultations and ¢, < 1,
cquation ¢ 1.2300 vields

,§1,|.> S-l‘(f.\”l-y: R-nl)‘“‘,\’ﬁxg‘;f> (71)

where ¢ is o numerical constant. If an estimate of Ly has been obtained, as discussed
in the next .w(linn. cquation (7.1) provides an estimate of <> in terms of the
scintillation index if also H is known. A natural first choice of Hy, consistent with
the atmospheric mmlcl .ldnptcd here, would be 1= H. A more realistic estimate can
be obtained from the spatial variation of <@2> 1tscli if this quantity has been com-
puted over a few turbulence scale heights or more. Indeed, if good quality scintilla-
tion data are available over a range in altitude, the actual variation of the scintillation
index mav be used to improve the exponential turbulence model suggested here, and
thereby vield 4 more accurate estimate also of <pi>.

Woo et al (1977) have suggested using the mutual coherence function and also the quantity <y 8>
(Woo 1975b), which s proportional to <832, The latter quantity does not appear to ofter any
advantage over the scintillation index. In the weak scattering regime, incorporation of the inhomo- g
genceous background, not considered by Woo et al (1977), shows that the mutual coherence

function is essentially adentical to the phase scintillations in terms of its potential uscfulness for

determining <¥3 > ar L,
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For stellar occultations the analogous relationship to equation (7.1) may be obtained
from equation (+.25). As previously noted, however, the explicit form of this relation-
ship depends critically on the ratio ag/ay . No eeneral refationship of the form (7.1)
can therefore be given in this case, except when the ratio is cither very small or very
large compared to unity. In the former case cquation (7.1) clearly applies, while in
the latter case the appropriate relationship is obtained from equation (4.26a) as

-

3 . . B
<> = pL§ta T HITRTTI DT <> (7.2)
. . . . . r
where 7 is a numerical constant. Again knowledoe of Ly and H vields <#7> in terms
of the scintillation index for the hish altitude regions probed in stellar occultation

experiments.

Instead of <Vl2> one mizht want to estimate the refractive index structure constant,
2 N
G- Since

DA = A, < Arv

where Dy is the refractive index structure function, it follows from the defimtions of
D, and L., that

n
N 27 23 -
<vi> = 71,(.,,140 (7.3)
From the previous results it therefore follows that
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The upper form with kg =2¢ is for radio occultations, and the lower form with
K, = 2n for stellar occultations. The unknown value of Ly s here absorbed into the
structure constant. The temperature structure constant corresponding to (Tf, for as-
sumed adiabatic conditions is given by cquation (E21). For radio occultations we find
that

s 3 s Yivany e - -
Ci~ 20y DRI R D SN —— (r.5)

and with a corresponding result for stellar occultations when the conditions leading to

cquation (7.2} are satisficd.

Thus cquations (7.1) and (7.2) vield the variance of the refractive index fluctuations
in terms of the scintllation index once Ly and Hy have been stipulated. From the
relationships (7.4) and (7.5), rough estimates of the appropriate structure constants

may also be obtained from a measurement of the seintillation index, using prior
knowledge of H, only.

From the analysis of section 6 it may be shown that formal relationships closely
similar to those developed here also hold for deep occultations.




7.3 Estimation of the outer scale

As we have seen. an approximate measure of Lo is a prerequisite for estimating <v}>
from the scintillation data. However, by virtue of its character as a typical dimension
of the macroscopic flow generating the turbulence, knowledge of the magnitude of
Ly 1s also important in its own right.

The natural quantity to examine in this case is the phase scintillation power spec-
trum, as given in analytic form and computed for different occultation geometries
and depths in section 4.4, The relevant feature of the spectra is the knee” at
W= Wy =v¥[Lg. Since v* is known, the position of the "knee” is directly related to
the magnitude of Lg. It is morcover significant that the position of the “knee” is
independent of both occultation depth and geometry for shallow occultations. In
actual practice the turbulence power spectrum will not have the idealized form as-
sumed here, with constant power for u S L), A significant departure, onc way or the
other, from the averaze high frequency slope of the phase spectrum is probably the
feature that in practice signifies the wavenumber location of the input region.

In deep occultations the estimation of Ly is less easy. The situation is simplest for
moderately deep occultations, where ap g < app <€ L. In this case the spectral shape
corresponds closely to that of Figure 4.4, with the transition to small fringes at w = w,
approaching wy as ap y, increases towards Ly. At still greater depths of penetration of
the ray. where ay 1 » Ly, the phase power spectrum assumes the asymptotic form

2
cos? (Y)W < w,
Wiw) « we (7.6)

R
83 :

w " cos? (%), wE w,
W

The power spectrum thus has the form displaved qualitatively in Figure 7.1. [dentifi-
cation of Ly is scen to depend on the possibility of detecting the onset of the w3
decrease in santillation power above >wq. The large fringes in the power spectrum in
this recion mav hamper this identification, a problem likely 1o be compounded by the
expected rapid increase of wq itself near the focus. On the other hand, if the transi-
tion in spectral shape at w ~ w, has been identified, determination of Lg is readily
accomplished by the usual relationship wq = v/L,.

< Wi{w) |

\  -R3
\w
\
\
\
\
W Wo w

Figure 7.1 Qualitative sketch of the phase scitillation power spectrum in very deep
occultations
’
The characteristic frequencies w and Wy are defined in the text.
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7.4 Planctary rotation and atmospheric winds

We discuss here the possibility of extracting from the scintillation measurements
information about planctary rotation and atmospheric winds. In the earth’s atmo-
sphere this technique has been used extensively, having in fact reached the level of
sophistication where 4 horizontal wind profile has been obtained (Lee 1974). Scintil-
lation measurements have also been used to derive bulk flow velocities of the solar
corona and solar wind (¢ g, Woo 1978).

The theoretical feasibility of such measurements rests in all cases on the identification
of characteristic features in the scintillation power spectrum whose location or shape
depends on the atmospheric velocity across the line of sight. Considering the fixed-
axes coordinate system of Figure 2.1, the ray velocity components at periapsis relative
to the atmospheric motion are

* - o d L R R
v —qb},\y TR o A R (7.7)

where a superscript s has now been added to the spacecraft velocity components to
distinguish from the corresponding components of atmospheric motion, v\ and v;.
The latter may be dominated by atmospheric rotation or by winds, depending on

planctary rotation rate and occultation geometry.

While in the previous sections we have assumed both v and v} to be negligible, we
here ask for effects that can be atwributed to the finite \Alucs of these quantities. For
4 spherically symmetric atmosphere the rotational part of v.'is zero. Since vertical
wind velocities are normally very small compared to their horizontal counterparts, we

shall assume in the sequel that v = 0. In this case

z
llogvy v v ony e (7.84)
Vo O v
Voo Vo \ -

mo = 3 i (7.8b)
v, o,N,

where the relative ray speed v and obliquity factor m determine the location and
shape,respectivelv, of the intensity power spectrum, as depicted in Figures 4.6 - 4.9
for s’h;l“()\\' occultations. These s‘pcctr't are also valid in deep occultations, provided
ap h < Ly as explained in section 6.2. In very (lccp occultations, where ag > Ly,
the fom) of the intensity power spectrum must in general be established from the
seneral result (4.37). If \\. is such that iml > 1, the power spectrum has the charac-
teristic shape displaved in" Figure 6.2, with the low frequency boundary related to the
characteristic frequency w_ = 2@' 2v*/ag o and hence to v and v

It is clear from cquations (7.8a) and (7.8b) that in order to relate v 4 to the location
of the spectral "knee™ at w = w,. (w: for decp occultations), or to the spectral shape,
it is necessary that wil be at least comparable to the component ¢,v,. duc to the
spacecraft alone. This™ fact accentuates in the present context the importance of
near-central (¢ ¢, deep) occultations. Indeed, if over some range of the occultation
Oy vyl gl\‘\'l. then both v* and m depend crucially on v whenever o, v, 1< v“l
which is likely to occur at some stage of the occultation] In this rcvlmc both lhc
shape and location of the power spectrum vield indirect information on the magni-
tude of v, In some cases the magnitude of v2? may be such as to dominate v* and m
even for shallow occultations. For Jupiter, Pnr cxample, the rotational component
alone is about 13 kms™ for a meridional occultation over the equator. l’nr an occul-
tation over the polar regions, the rotational component is very small and v! may here
be dominated by the wind component.

B R e 2y




It is apparent from the sketchy discussion above that information on wind speeds and
atmospheric rotation rates are indeed within the capability of the occultation tech-
nique. However, since such measurements depend critically on details of the occulta-
tion geometry, it is important to fully examine these capabilities in the planning stage
of any spacecraft mission.

7.5 Practical considerations

In the discussion of the previous sections we have only briefly alluded to the several
practical problems involved in the estimation of turbulence parameters and atmo-
spheric motion from occultation measurements.

The major practical obstacle in the estimation of <wi> appears to be the limited
statistical significance of the scintillation index. This problem is most acute for a
central or near-central occultation, since a meaningful evaluation of <¢2> must
cmploy scintillation data covering a range in altitude of less than a turbulence scale
height. In a near-central occultation, the number of independent “ripples™ in the
Intensity-time record is at most Ny ~ ”t/“l- g+ since ap  is an approximate lower
bound on the correlation length of the intensity fluctuations in this case. bmcc No is
typically on the order of 10, it is clear that the statistical significance of <¢ >, and
hence of <wi>, may indeed be very poor in this case. The problem of low statistical
stenificance is compounded by the principal difficulty of subtracting the intensity
l).xcquound from the fluctuation part of the signal, as discussed more fully in sec-
tion +.4.2. Because also Hjag o = (O(l()) the intensity trend function may have signifi-
cant power at spatial frcqucnucs ~ag' . implyving that irremovable contamination of
the scintillation index and power spectrum from the ambient background may be the
normal situation in near-central occultations. Despite this fundamental difficulty, it is
important that an cfficient and common procedure be used to separate the intensity
background from the fluctuation part in order to minimize this problem. as pre-
viously argued.

The situation is entirely different for shallow occultations. In this case the ray has
only a very sfow vertical motion, but covers a large horizontal distance at essentially
constant altitude. Indeed, in the central portion of the occultation the ray moves a
horizontal distance ~¢ = (RH{)'? before the altitude of the rav periapsis is changed
by one turbulence scale height. In this case Ny ~ ¢ayp.o > Ny, so that considerable
spatial averaging and corresponding high statistical significance of <¢3> and <ri> is
possible.

The practical estimation of Ly is probably most hampered by the inherent lack of a
well-defined value of this quantity. Indeed. the transition from spatial scales in the
mnertial subrange to the input-range will for all practical cases be gradual, and any
quantity or explicit result that depend on the precise value of Lg should therefore be
handled with corresponding caution. Apart from this inherent imprecision of L,
itself, the statistical argument presented above apply for similar rcasons also to the
estimation of this quantity.

The estimation of atmospheric bulk flow and turbulence parameters in decp occulta-
tions is affected by statistical limitations in the same way as described above for
shallow occultations. Extremely close to the focus, where both we and wg change
.|pldl\ due to thc rapid cham_,c in ¢y, the cffective length of the scintillation time
series, over which &, may be considered stationary, depends criticallv on the various
parameters involved and must be assessed for each particular case.

We have deseribed above some important constraints of statistical nature that are
fikely to affect the practical estimation of turbulence parameters and atmospheric
motions from occultation measurements. Neither the potential nor the statistical limi-
tations of this technique appear 1o have been fully appreciated in the past. It is
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deemed mmportant that hoth aspects be addressed at an carliest possible stage in the
pluming of planctary flv-by missions. 5o as to realize in cach case the maximum
potential of the occultation technigue,

8 DISCUSSION AND FURTHER PERSPECTIVES

It o notable tact that while effears of trbulence onadio and optical wave propa-
ation m the carth's atmosphere and onosprhere have atracted considerable attention
over the past decadess only very recenthy hus this issue been pursued svstematically in
cccnltation measwrenients ol planetary atmospheres. This Tack of interest is naturalhy
explaned tor tohio occultations by the short history of this kind of measurements,
and abho by the fact that the first anadvses of such observations (7o the Marner
missions o Mans and Venust produced atmospherie profiles that were larsely aceept-
ables The tow nterest s less explicable for stelln oceultations, the much lonaer
fstory ot which s marred by Tspikd T Tuminosiny vrotiles idicative o turbudence o
other smudbseale atmospherte structures,

he present analvsis attempts o catenonze and anadvze the various aspects of the
over all problem posed by turbulence e plancrany atmospheres subjected o radio or
steflar occultaton measaremenits. Thus the prmany ek has bheen to extend existing
theory o elecuoma metic wave ;lru;».x:.llinn m tandom mediam to account for the
mhomosencous ambient amosphere upon whoeh e tbualence s superimposed,
Whale nechable o terrestrad propa ation experanents imvelvie: shore rayvpaths, o
radio ansd stelir ocoudtation experments over b lonser paths such couplime 1o the
ambient atmesphere becomes very amportant. The theareneal resules derived here ton
the ~cmtllation mdes aoree it sambar resalts obtamed simultaneoushy (Habbad
JOTOTsy o Taer Won s TaNG by rher authorss Tnothe forme expressed here
the toad ettect of the coaphn o on the somnllanon mdes s readidy assesseds We hae
tononed it e shalion ccultanoms conpbine o the ambient backaround reduces the
semtdlitons Oy st P tor of Two o point souree, while tor an extended
stelbn somrce the redin ton vares between this it when the projected stellar tadins
CUcompared Gothe tadins o the tree space Fresnel coned to o masimum redue
S apptovmately G berar ot An when this tatio s Lo These farlv moderate
chane oo conmsted B vare aabstantad chanaes in the shape ol the mtensitn: power
shectanis which s aoa st tunction of barh ocenltation depth and ceometry,
Fhose concluvonss o Dnther deruled m the appropriate sections, OYPIess 4 major
thoevao coal tesalt o thie oesent weonk
Phe o s also Sbona s b the oneraded saimntbanon formubas dernved here shouald
veplace en nde s the s Raoroy approach whenever difterential refraction
chanoes the ver comtensiny by sentbeant onoant Analvsis of radio and opical
somtidlvions hrne occudianion observations shoubd theetfore alwavs proceed from
e cneradcd bl e denned here Bue ddsos others tervestrial apphications man be
s for these rosaling Sarcilite too sellite communueation, where the communica
Pt s mtercepted B the canth’™s tmosphere o aonospheres may imvolve suflhi
datterenrab ety e o gt oot the carth's Atmospheres where the tn

[RERRA]

ftavetses e dons o thermad amversion o also veld substantial safues of M aDYIL
cven thoorch o the ettoorne dintance DY between the mednom and the transmiatter or
veverc s sodh e this case Beoas posablo s tallv, thar aversion of the present
somtilintion theors oy Pod apphoation n aconstic tar elasticl wave propasation in
P vt T amesphieres an thie acean o i e earth’s imtertor, whenever suthicient
b v Cohents e to momadies e ather temperatnre or densite are present.

e ot iton and evabnation of the second order, systematic propagation effects
davasconsttute o ponapal resabts thouzh of mamly theoretical imterest. Contrary to
the anad sesade ot Hinbbaed and fokipn (19751, who conduded that the average




phase was retarded by turbudence velative 1o 0 nonturbulent medinm with similar
averae refractivity, we have found from a simple geometrical optics anadysis that the
average phase v i fact adeanced mothe presence of zero-mean twrbulence, Estension
of this result to wave-opties has furthermore demonstrated o« weak wavelenath depen
dence ot the bus i phase path (or phase speedh, vieldin the important result that an
mitndhv non-dispersive medmm becomes slishtly dispersive by the adihtion of turbu
lences When o systematie spatial variation me turbulence strenath or in the ambient
reiractiviey s present, s bias in ray bending anede and mtensity may also resulr.

While these second-order propazation effedts were found 1o vield only msiznificant
crrors in occultation experiments, in other, more controlled experiments requiring
extrenme accuracy, such etfects mav have to be accounted fors N potential candidate
may be relativistie time-delayv experiments, mowhich the raypath s mtercepted by a
turbulent neutral or wnzed mediim,

It s a prnncipal condusion from the present work that the propasation effects dis-
ansed above produce onhv veny marzimal ertors e protiles of temperature and pres:
sure derned from accnitation measurements, provided that the weah semtillation
assumption fuadamental to these cadaulanons s not violated. Inoview o the Tarze
crrors n the Proner 10 aond T Tapneer protidess s cansed by the maemification effeat
discussed o section 2220 thos conduston s mono o way obvious, The result s however,
fadlv consistent waith aadie cocudtanon experinrents, where ndniadual T-p profiles
from the same wtmosphere hoth extubie sabsiantial mutaal aorcement. and are also
broadlv consistent with other observations where comparisans can bho made. Stellar
oceultattion protles are tupitied by omuch Brcher intensiey fhctaation levell probably
viobitin s the weak somtdlanon assampuion, hut are dalso more susceptible to instru-
mental crrorse oo clear that crrors of this tope plived o magor role in the several
mdependent recordmes of the aScorpin occultations by Jupiter, which displayed sub
stantal disacreement osee Hunten and Veverke 19760 Thus stellar occaltaton pro-
Pleso thoush dlearfv contamimes sizable crrors, do not necessardy contradiet the con-
closton thar the part ot these errors that can be attributed to turbulence s small
whenever the weak semuliation assumption s satisficd.

Pho mural aond important extension of tie theory developed in this work will be to
Mearponaie stroor: seatterm e eftects This extension should also indude an evaluation,
Sy theoretical or mumericad analvsis, ot the mean square flucmanons i bendines aiele,
casential Too o more rorons assessment of tobulence etfecns moradio Doppler mea
surements dunm L bhoth weak wand strons scattenme: conditons, Fhese taske, )\ﬁ)h.d)h
Bein ot aommmeneal natore, mdecd constitate the pronapal remaimm problems in the
theory ot sarhalence etfects e tado and stellar occalianon experiments. The rapid

Sherease ot e sty edes awarh mospierse denthe i ndto occultattons, alon

Eolvihe strncinee™ o stelie on ol Bl danves,

with  thie connonln oniaer
ke ot desirande tor sarsie thiose conds v oroust O thie twa Taskse a0 namer e il

Sending an e s poebhaody the s et

.
cablostiation o b ean Gpnare tad it noms i

Por e el sctenm - moaels evadiarion of o double e aad s vepred,
winde v o e o dimersnad model o raple e cad s nnvohveds By
Comtrast, che o wannliaten nndes s mvalves g ‘u».ulllpl( mte aal even o the one
sl cees wale o twos dunensioms ey duation ot an e b tapde ante ral s
cracd ta N andar proach mvolviey less comprananion, wall e otos cadendate
sl voads e oo e boan caple inte a0 tweo dianeaseonal modedy ol thy
ptensits cotresaondim 1o a0 spatad realization of the torhadence, and then torm the
T sepore o P mrensity froam ans ensemble ot sach caloudanone,

Phomedi cven s Litter approach man lead 1o prohibintnee compatation times o direc
by teal cabcalation oy be no caser. Indecd, even o ordimary strona soimtillation
theory s only recently been developed to o stage where certun limiating expressions
tor the santllioon des e avadable tsees e Tante 19750 Lee and Jokipii
Fr5a e Judamey frome the sabstanoal added complesiy by mirodaenr: the mhomo-

wneons ambient atmosphere meothe weak soatterm: case g similar approach i the




strong scintillation regime may be beyond feasibilitv. [t is possible, however, that a
more heuristic approach, ¢ g of the sort suggested by Salpeter (1967) for turbulence
on a homogeneous background, can be used to treat strone scintillations with the
ambient background included. Together with selected numericdd computations, first in
4 one-dimensional model, a combined approach of this -c1i mayv be the only reali-
cable path towards a better understanding of the various aspects of strong scattering
effects in occultation experiments™.

An extension of the present theory to strong scattering should also encompass the
systematic effects. In strong scattering they are likely to involve all powers of ¥, . and
should therefore exhibit entirely different characteristics in this regime. Remarkably,
the intensity bias may be the casiest quantity to generalize to strong scattering. This
contention rests of the result of a preliminary analvsis (Haugstad 1979b) which indi-
cates that the mutual coherence function, which reduces to the average intensity
when the two field points of its argument coalesce, may be extended in analytical
form to strong scattering and an inhomogencous background. No similar indications
have been found for the phase and bending angle. These latter quantities are more
casily obtained from numerical calculations, since they both involve only double
integrals for even a two-dimensional propagation model. While a numerical evaluation
may not be satisfactory for assessing the qualitative aspects of the systematic effects
in strong scattering, this approach is fully acceptable for assessing their approximate
quantitative impact on occultation experiments.

The fundamental problem and question motivating the present analysis has been to
what extent turbulence in planctary atmospheres limit the accuracy of profiles of
refractivity, temperature and pressure obtained from occultation measurements. We
have contended. either explicitly from rigorous analysis, or from approximate or
heuristic reasoning, that in the limit of weak scattering this influence s very small.
An answer to the basic question should be pursued also for strong scattering condi-
tions, and we have indicated how this mizht be done. The fact that turbulence
effects are in all probability small, at least in weak scattering, implies an added
potential of the occultation technique to also vield information on small-scale atmo-
spheric structures. Thus, even though the effects of turbulence on derived profiles are
small, its various imprints on the occultation data may be extracted and subjected to
a separate analysis. Subject to the practical limitations discussed in section 7.5, this
analysis would vield estimates of the turbulence strength and the outer scale in both
shallow and deep occultations. In very deep occultations, where atmospheric rotation
or velocities intrinsic to the atmosphere dominate over the ray speed, information
also on the two former quantities are within the capabilities of the occultation tech-
nique. Since the formal, weak scattering scintillation index is typically very high in
such experiments, as examplified by the estimate for the Vovager 1 Jupiter cevolute
crossing, an extension to strong scattering conditions of the theory developed here is
a prerequisite for measurements of this kind. If this has been successfully done, and if
other sources of error can be controlled and kept on a low level, careful planning and
interpretation of occultation observations may provide a very important source of
information also on atmospheric circulation and dynamics.

Recent results by this author, based on a slight gencralization of the stationary phase technique
developed in section 3, does show, however, that some analytical, strong scattering results for a
homogeneous background (¢ ¢, the mutual coherence function and the asymptotic scintillation
index and power spectrum) may be simply modified to accomodate the effect of an inhomogencous
background.
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